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This report presents the resul ts  obtained during the 

first four months of research under Contract NAS 1-4419 
aimed a t  obtaining and evaluating human p i lo t  response data 

i n  single-axis and m u l t i - a x i s  tracking tasks. 

s t i t u t e s  a follow-on of ear l ier  studies conducted under Con- 

t r ac t  NAS 1-2582 which are reported i n  NASA CR-143. 

This work con- 

An extensive program of manual control experiments was 
carried out by two groups of three subjects each and provided 
a comprehensive set of tracking data, with emphasis on ob- 
serving the effect  of training on subject performance. 
experimental design was formulated to yield representative 
s t a t i s t i c a l  data of the ensemble of operators over a variety 
of tracking tasks. 

next report period w i l l  complete Tasks 1 and 2 of the study 
program 

The 

Evaluation of the tracking data i n  the 

A ser ies  of model matching experiments was conducted 
us ing  preliminary tracking data. 

development of an improved parameter optimization cri terion 
and of techniques for  evaluation of tracking data which yield 
small higher order parameters. 
and related analysis of convergence and accuracy of the opt i -  
mization process, were completed under Tasks 2 and 4 of the 

study. 

This study resulted i n  the 

These modeling experiments, 

Additional analysis w i l l  be required i n  Tasks 5 and 6. 

T h i s  interim report includes summaries of technical prog- 
ress i n  the above areas, and a p r o p m  schedule, p l u s  an ap- 

pendix of several memoranda i n  which detailed resu l t s  and the 

conclusions derived therefrom are  presented. 

f 



4380 -6001-RUOOO 

TABU OF CONTENTS 

1. 

2, 

3.  

4. 

5 .  

6. 

7 .  

8. 

INTRODUCTION 

EXPERIMENTALPROGRAM. . , . , . . . , . . . . . . . . . . . 
2.1 Preliminary Training Results . . . . . . . . . . . . . 
DESCRIBING FUNCTION MODELS OF THE HUMAN PIIDT 0 0 

PRELIMINARY MODELING EXPERIMENTS ON HUMAN TRACKING DATA 

CONVERGENCE STUDY OF FIRST-ORDER MODEL PARAMETERS 

ANALYTICALRESULTS . . . . . . . . . . . . . . . . . . . . . 
6.1 Relative Sensit ivity of Model Parameters . . . . . , . . . 
6.2 Approximate Identification of a Missing 

Time-DelayTerm . . . . . . . . . . . . . . , . . . 
6.3 Approximate Identification of Higher Order Teras . . . . . 
6.4 hbdified Parameter Optimization Strategy . . , . . . . . 
EVALUATION OF DISPIAY SENSITIVITY BY HUMAN OPERATOR MODELS . 

APPENDICES: No. 1 through BO. 9 . . . . . . . . . . . . . . . . 

Page 

3 

4 

4 

6 

7 .  

8 

10 

10 

11 

11 

13 

13 

14 

15 

16 

ii 



1. INTRODUCTION 

This report summarizes the resul ts  o f  the f i r s t  phase of the 
research program on human p i lo t  models performed under NASA Con- 
t r a c t  NAS 1-4419 during the four-months period ending 17 March 1965. 
The program has the dual objectives of (a) obtaining s t a t i s t i c a l l y  
meaningful model parameters f r o m  a large number of human p i l o t  track- 
ing experiments, with emphasis on two-axis studies, and (b) conducting 
continued analysis of model-matching techniques and the i r  computer 
implementation as required. 

During the report period considerable progress has been made i n  
both directions. 

ing: 
The maJor accomplishments to date are  the follow- 

1) An extensive experimental program of single-axis and two-axis 
tracking studies bas been formulated and executed, and data 

reduction i s  i n  process. 
eo uragi ng . 
Analog computer experiments have led t o  the development of 
an improved error  cri terion; 
effects of i n i t i a l  conditions and adjustment gain on con- 
vergence problems of continuous model matching techniques ; 
and the identification of certain "singular" cases where 
parameters cannot be determined. 
A n a l y t i c a l  investigation has shown that the precision with 
which system parameters can be ident i f ied is  related t o  the 
relat ive magnitudes of t he i r  sens i t iv i ty  coefficients. 
An a n a l y t i c a l  basis for computing approximate values of the 
time delay ( 7 )  and the coefficient of a third derivative 
term (1) has been obtained. 
matching technique which avoids some of the mathematical 
d i f f icu l t ies  of the continuous "approximate steepest descent" 

method has been developed. 
Model matching techniques were applied to a study of d i s p b y  

effectiveness. s t a t i s t i ca l ly  significant differences were 

Preliminary resu l t s  are very en- 

2) 
a bet ter  understanding of the 

3 )  

4) 

I n  addition, 8 modified model 

5 )  
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Task 

fb (%$) 

obtained between model parameters corresponding to tracking 
operations with different displays i n  cases where no d i f fe r -  
ences between performance error  were observed. 

1 2 3 4 

0.2 0.2 1 .o 1 .o 

2. EXPERIMENTAL PROGMM 

The experimental program was formulated i n  such a way as t o  yield com- 
prehensive data fo r  Tasks 1, 2, and 4 of the contract work statement 

(Reference 1). 

given i n  Appendix 1. 

A detailed presentation of the experimental design i s  

The experiments include a t o t a l  of 672 tracking runs  of 2-minute 

The basic experimental variables ( i n  addition to  
duration, using ei ther  one-axis o r  two-axis control. 
subjects were used. 
one- VS. two-axis tracking) were the input spectrum, the break f r e -  
quency, and the controlled element (plant)  time constant. 
data were obtained for testing the effects  of 

A t o t a l  of s ix  

I n  t h i s  way 

a )  task d i f f icu l ty  
b )  input spectrum 
c )  controlled element 
d )  l eve l  of training 

upon the parameter values i n  mathematical models. 

A l l  d a t a  connected with these tracking runs have been recorded on 

The tracking error  and p i lo t  output w i l l  be used t o  magnetic tape. 
obtain the parameters of a different ia l  equation model (or an equiva- 
len t  describing function) of the p i lo t ’ s  dynamic response. 
ing by continuous parameter adjustment w i l l  be employed on the basis 

of the methods developed under contract NAS 1-2582 (see Reference 2 ) .  

lvbdel match- 

2 . 1  Preliminary Training Results 

Training r u n s  were completed on the single axis  compensatory track- 
The plant dynamics and the input s ig-  ing t a s k  i l lus t ra ted  i n  Figure 1. 

n a l  were varied so as t o  simulate four tasks of increasing d i f f icu l ty  
where task diff icul ty  was measured i n  terms of the magnitude of the mean 

-2 squared tracking error,  x . The tasks were defined as follows: 

T (sec) 1 0.3 0 *3 



n 
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where fb i s  the break frequency of the  third order f i l t e r  used t o  
generate the input signal r ( t )  from a Gaussian noise generator; T i s  
the time constant of the controlled element. 

The significance of the leve l  of training is  i l lus t ra ted  by 

one subject 's tracking performance shown i n  Figure 2 i n  which the 
mean square of the tracking error  i s  plotted as a function of the 

number of training runs  completed. The e f fec t  of training was found 
t o  be most noticeable i n  Task 4 which was considered the most d i f f i -  

cul t  of the ser ies .  
creased with the progress of training. 

I n  a l l  tasks the subject 's  tracking error  de- 

Similar data were obtained fo r  a l l  s ix  subjects and w i l l  be 
included i n  a subsequent progress report when the effects  of t r a i n i n g  
on model parameters have been evaluated. 

An analysis of variance w i l l  be applied t o  a l l  experimental 
data t o  determine the s t a t i s t i c a l  significance level.  

3. DESCRIBING FUNCTION MODEIS OF THE HUMAN PIWT 

In order to  provide a basis f o r  comparison with previously pub- 
lished models and t o  provide a standard aga ins t  which the models of 
the new experimental series can be compared, selected runs w i l l  be 

processed through the STL spectral analysis program. A detailed 
description of the program i s  given i n  Appendix 2.  

Basically, the technique consists of estimating a describing 

function fo r  the p i l o t  from the relationship 

where S 

and p i lo t  output and Snc(jo.') i s  the cross spectral  density between 
reference input and tracking e r m r .  

( j cu )  is  the cross spectral  density between reference input 
r Y  

I n  order to obta in  the r a t i o  (1)> analog records of the refer- 

ence input r ( t ) ,  tracking error x(t),and p i l o t  output yet) are  digi-  
t ized and used as input data to the spectral  program. The d i g i t a l  
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Figure 2. Results  of Operator Tra in ing  
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computer f irst  evaluates the cross-correlation functions $d 
$d 
transform of the correlation functions. As a resu l t  of two passes 
through the program the cross spectra are obtained i n  the form of 
amplitude IS(ja)l abd phase, a rg  S(ja),  as function of frequency. 

Then, the amplitude and phase of the p i lo t ' s  describing function are 
obtained from 

(t) and rx 
(t), and then obtains the cross spectra by calculating the Fourier 

r Y  

arg Yp( ju) = arg srY( j w )  - arg  sm( j w )  (3  1 

The result ing values of amplitude and phase w i l l  be plotted vs. 
frequency, and analytic functions of the form 

w i l l  be f i t t e d  to t h i s  data by adjustment of the parameters 

A detailed discussion of run  length, sampling frequency, and 
confidence l i m i t s  f o r  the spectral estimates i s  given i n  Appendix 2. 

PRELIMINARY MODELING EXPERIMENTS ON HUMAN TRACKING DATA 4. 

Model matching experiments were conducted on preliminary human 

operator tracking data to explore influence of display character- 
i s t i c s  on tracking performance, and t o  investigate and improve the 
parameter optimization technique i n  cases where d i f f i cu l t i e s  i n  the 
rate of adjustment,convergence properties and determinacy were en- 
countered. A detailed report and analysis is  contained i n  Appen- 
dix 3. 
ser ies  which has been described and evaluated i n  Appendix 8. 

The human tracking data used here came from an experimental 



I n  summary, the most significant resul ts  derived from t h i s  study 

are  the following: 

For rapid convergence and improved definit ion of optimum 
model parameters 8 modified error  cri terion fZ(tz, <)  was 
developed which i s  more sensitive t o  parameter variation 
from the optimum p o i n t  without causing s t a b i l i t y  problems 
when E, E' are Large. The cr i ter ion function has limited 
slope, being essentially an  absolute value cr i ter ion fo r  
Large E, <. 
The behavior of the model matcher was studied under condi- 
tions where small parameters occurred i n  the highest order 
term of the model equation. Simplified first order models 
were compared w i t h  second order models i n  terms of parameter 
definit ion and model matching accuracy. 
Uncontrolled d r i f t  i n  the model parameters (observed i n  
some cases even w i t h  the improved ermr cr i ter ion func- 
t ion)  was traced to c r i t i c a l  combinations of system parameters 
and the use of very low frequencies of excitation. 
detection and possible resolution of such indeterminacies 
were explored. 

Means of 

The resul ts  of the s tudy  required further experimental research on 
parameter convergence (see Section 5 )  and additional analysis which 
w i l l  be discussed under Section 6 and i n  Appendices 5 and 7. 

5 .  CONVERGENCE STUDY OF FIRST-ORIER MODEL PARAMETERS 

In order t o  c la r i fy  the  e f fec t  of adgustment ga in  and parameter 
i n i t i a l  conditions on the convergence properties of the continuous 
model matching technique, an extensive experimental study was conducted. 
The detailed resul ts  of t h i s  study are  reported i n  Appendix 4. 
l o t ' s  response was assumed to be represented by the f i rs t -order  equa- 
t ion (synthetic p i l o t )  

The p i -  

i + b l y = b 2 G + b  3 x ( 5 )  
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The corresponding model equation i s  

i + p l z  = p 2 1 i  + f 3  x 
3 

The continuous model matching technique was used to  adjust model 

parameters i n  order to minimize the cri terion function 

where e i s  the matching (or output) e r roro  A fixed value of 
q = 0.05 was used i n  t h i s  study. 

The tracking error  f r o m  a 2-minute compensatory tracking run 
was used as the input signal x ( t )  f o r  both the system ( 5 )  and 

a n d b  were held fixed. 
1' b 2 9  3 

model (6) The system parameters b 

The major conclusions f r o m  the experiment were: 

Repeatability of parameter adjustment could be obtained 
only f o r  certain i n i t i a l  conditions 
b a g  term (1 and 2 minute)  convergence of the pi to the 
corresponding bi can be obtained with an average accur- 
acy of + 6 percent. If the transfer function mrre-  
spending t o  (5) i s  written, the new parameters (gain 
and time constants) can be determined to an average 
accuracy of - + 4 percent. 
For short-term (less than 15 sec) convergence, accur- 
ati;;tc:;5 ul" t p=recz t  20.;12 bc G b t c p = f i  .AEdEg tl3e 

- 

largest  possible adjustment gain. 
The model-matching technique can be used to detect 
control reversals, but more research w i l l  be required 
before the accuracy of such detections can be ascer- 
tained. 
Mre  analytical  work is  required t o  obtain general re- 
s u l t s  on the convergence of model parameters t o  desired 
values, even w i t h  simple f i rs t -order  models. 
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6. ANALYTICAL RESULTS 

6.1 Relative Sensit ivity of %del Parameters 

I n  order to  obtain a clearer understanding of some of the conver- 
gence problems outlined under Sections 4 and 5 and i n  Appendices 3 
and 4, additional analytical study was desirable. 
that convergence of transfer function parameters t o  correct values was 
be t te r  than  that of different ia l  equation parameters. 
of the corresponding sensit ivity factors and the i r  re la t ive magnitude 
was made t o  explain t h i s  result  on a mathematical basis (see Appendix 5 ) .  

It was noted above 

An analysis 

It has been shown previously (see Reference 2 )  that those parame- 

The present study established the relat ive magni- 
t e r s  having the largest  relative sensi t ivi ty  w i l l  be defined with the 
greatest  precision. 
tude of the sensi t ivi ty  coefficients 

- az , i = 1 , 2 , 3  
a% ui = 

and 

where KO, TI, and T~ are parameters i n  the transfer function corre- 
sponding t o  the different ia l  equation (6). Analytical expressions 
f o r  the sens i t iv i t ies  ui, vi and their frequency dependence indicate 
+.hnt. the v (transfer function parameter sens i t iv i t ies )  are  a t  l ea s t  
an  order of magnitude larger than  the ui (different ia l  equation parame- 
ter  sens i t iv i t ies ) .  
transfer function parameters, particularly of KO. 
plementation of the transfer function format requires more computational 
equipment than the different ia l  equation form, as well as being limited 

t o  l inear  models, additional study of this problem is indicated. Wher- 
ever feasible,  the transfer function form w i l l  be used i n  the remainder 

of the program. 

1 

This  explains the more accurate definition of the 
However, since i m -  



6.2 Approximate Identification of a Missing Time-Delay Term 

This study, reported i n  de t a i l  i n  Appendix 6, was undertaken to 
show the f eas ib i l i t y  of evaluating a missing reaction time term in a 
mathematical model of the form 

0 .  

2 + Sa + a2z = Q x ( t  - 7 )  3 

without using the special computing equipment that would be required 
t o  generate time-delay. 
been previously obtained, so that only the 7 parameter needs to be 
computed. 

It was assumed that the a-parameters had 

The major conclusions of the analysis are: 

a )  A missing time delay term 'I can indeed be computed approxi- 
mately without using actual  time-delay equipment, by us ing  
l inear  extrapolation near the solution for  T = 0. 

An e r m r  analysis based on sinusoidal excitation signals 
shows that f o r  t ime delays of the order of magnitude ex- 
petted in  compensatory tracking studies (e.g. 7 = 0.15 sec) 
and input frequencies below about 3 rad/sec, 7 can be de- 

termined with an accuracy be t te r  than  10 percent. In view 
of the simplicity of implementation, th i s  is  a significant 
resul t .  Computer studies i n  Task 2 w i l l  be based on these 
resul ts  . 

b)  

- 

The effect  of small higher order terms not included i n  the formu- 
la t ion of the model equation was analyzed, and methods f o r  approximating 
the parameters associated with such terms were investigated i n  de ta i l .  
This work i s  reported i n  Appendix 7. 
discussed i n  Section 6.2 (Appendix 6) the objective of t h i s  analysis was 
t o  provide the means fo r  upgrading model matching accuracy without re- 
programming the basic model equation. 

Similar i n  scope to  the study 



The method consists of a l inear  extrapolation of the model out- 
put variable z i n  the vicinity of the case X = 0. 
the original model equation programmed on the canputer i s  

For example, if 

the solution zo can be extrapolated to approximate the solution of 

fo r  non-zero X .  
first order sensi t ivi ty  u = azO/ak, namely 

The extrapolation is  performed i n  terms of the 

x 

f o r  sufficiently small values of A .  
tended to model equations of higher order. A mathematical d i f f icu l ty  
due t o  the change of  the order of the model equation f o r  A = 0 and 
A # o exis t s  a t  time t = 0. 
response Z(O)  and of its sensi t ivi ty  \ occurring at  A = o i s  of no 
pract ical  concern i n  the modeling procedure since, i n  general, the 
i n i t i a l  conditions have only a transitory influence on model output. 

The method can be readily ex- 

However, the singularity of the i n i t i a l  

This study has provided the following major resul ts  (see 
--== annenii.1 - ---- Y 7) E 

1. For pract ical  purposes the extrapolation (11) is useful 
for  reasonably small parameter values 1 and excitation 
frequencies below 5 t o  10 rad/sec. 

cies on the order of 10 percent o r  be t te r  under conditions 
representative of human p i lo t  dynamic responses. 
approximation accuracy is comparable t o  the resu l t s  obtain- 
able for  a missing time delay term (see Section 6.2). 

2.  The missing parameter X can be approximated with accura- 

The 



3. Computer programs have been devised that include the 

higher order term bu t  avoid singularity of the computer 
solution fo r  the case A = 0. 

6.4 Modified Parameter Optimization S t ra tem 

The continuous model matching technique being used a t  the present 
time suffers from a lack of mathematical precision i n  the definition 
of the gradient components. Appendix 8 describes a modified strategy 
which avoids this d i f f icu l ty  by maintaining constant model parameters 
and using an open-loop l inear extrapolation to compute parameter i n -  
crements. 
rigorous, b u t  it shows promise of result ing i n  an improved rate of con- 
vergence and fewer s t ab i l i t y  problems. 

It is  shown that not only i s  this method mathematically 

The method i s  primarily useful i n  the v ic in i ty  of the correct 
parameter values, where l inear extrapolation produces valid results.  
If i n i t i a l  conditions of model parameters are far from their correct 
values, several i t e ra t ive  steps may be required to produce convergence. 
The new method has been tested with a kncrwo system, b u t  has not been 

applied to  parameter identification i n  human operator models. It is  

planned t o  apply th i s  method during f u t u r e  phases of the program. 

7. EVALUATION OF DISPLAY SENSITIVITY BY HUMAN OPERATOR MODELS 

I n  order to fur ther  test the pract ical  application of human opera- 
t o r  models, a preliminary study was performed to  examine the effect  a% 

display characterist ics upon the model parameters. The hypothesis be- 
ing  tested was tha t  changes in display characterist ics would affect  the 
model parameters significantly, even i n  si tuations where performance 
(as measured by m s  tracking e r ror )  was not affected significantly. 
The detailed description of the experiment is  given in  Appendix 9. 

Two basic experimental conditions were used: (I) Viewing a CRT 

display through an eyepiece with a 60' f i e l d  of view such that an 
error  signal representing 1' of vehicle motion i n  pi tch subtends a 1" 
visual angle a t  the eye (use of horizon as p i t c h  reference); (2) View- 
i n g  the CRT with the naked eye a t  a distance of 28 inches (use of arti- 
f i c i a l  horizon) . No significant difference was found between rms 
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tracking errors  obtained for the two displays. 
analyzed using a first order mathematical model. 
ences i n  model gain (at the 10 percent level  of significance) were 
observed between the two experimental situations. With the l e s s  sens i -  
t ive  display the operator lowered his gain, indicating a lower cross- 
over frequency and consequently a mre d i f f i cu l t  task. A detailed 

s t a t i s t i c a l  analysis is  given i n  Appendix 9. 

The data was then 

Significant d i f fe r -  

These resul ts  are particularly encouraging since the objectives 
of the present research program include application of model matching 
t o  tasks related to f l i g h t  control. This study shows the  f eas ib i l i t y  

of using human p i l o t  models t o  provide a quantitative basis fo r  evalua- 
t ion of proposed displays. 

8. PROGRAMSCHEDW 

The program was ini t ia ted with tracking experiments and analyt ical  
studies required under Tasks 1, 2, and 4 of the contract work statement. 
Work under Task 4 was performed ahead of Task 3 since the analytical  
and experimental results obtainable f r o m  Task 4 are  needed t o  complete 
Tasks 1 and 2. 

A detailed work program and schedule of milestones i s  presented 
on pages 148 and 14b= I n  the next report period Tasks 1, 2, and 4 w i l l  

be completed and the experimental program of Task 3 (two-axis control 
with cross-coupling) w i l l  be ini t ia ted.  Manpower ut i l izat ion w i l l  con- 
tinue a t  a uniform rate of 2.3 MTS per week, with laboratory and tech- 
nical  support added during periods of increased computational and data 
reduction act ivi ty .  

No major technical problems, manpower problems, o r  problems i n  
f a c i l i t y  ut i l izat ion are  foreseen. Expenditures are expected to con- 
tinue i n  accordance with the budget forecast transmitted to NASA i n  
January 1965. 
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The experimental study section of the contract work statement w i l l  

Tasks 1, 2, and 4 w i l l  be be performed using two experimental designs. 
covered by the design described below while Tasks 3, 5, and 6 w i l l  re- 
quire a more complex experimental design which w i l l  be formulated l a t e r .  
O n l y  one experimental design is required f o r  Tasks 1, 2, and 4 as these 
tasks are concerned with the dependence of human parameters on task d i f f i -  
culty when the human operator i s  performing ei ther  a single-axis o r  dual- 

axis tracking t a sk .  

Training and performance experiments w i l l  be performed on two 

simulated tracking systems t o  obtain experimental data for Tasks 1, 2, 
and 4. 
a spot on a CRT display where one system i s  restr ic ted to  single-axis 
control and the other t o  two-axis control with symmetrical uncoupled plant 
dynamics. Two alternate plant dynamics were chosen from Creer, e t  a1 
(Reference 1) to  give satisfactory and unsatisfactory performance respec- 
t ively.  
noise through a third order f i l t e r  to obtain a spectrum similar to that 
used by Elkind (Reference 2). 
constant a t  1" RMS deflection on the CRT display. Experimental runs  w i l l  

be of 3 minutes duration and only 2 minutes w i l l  be scored. 
ment is  divided into two major portions: the training experiment, and 

the performance experiment. 

Both experiments w i l l  be concerned with compensatory tracking of 

Input signals to  the systems w i l l  be obtained by passing gaussian 

The input power to the systems w i l l  be held 

The experi- 

I. TRAINING EXPERIMENT 
A ) System Configurations 

o Single-axis control 
o D u a l - a x i s  control 
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B)  Range of Variable Values 

1. Input spectrum break frequency (fb) 
o 0.2 rad/sec 
o 1.0 rad/sec 

2. Plant Dynamics 

K T 
( rol l  rads/sec) (sec) 

aileron rad 

where 
1 roll rad/sec 

(aileron ma K = TL6 
a 

1 5 = roll angular acceleration per unit roll radlsec' 
a aileron angular deflection ( aileron rad 

6, = aileron angular deflection (aileron rad) 

9 = r o l l  angle (roll  rads) 

= s t ick  angular  deflection (s t ick rads) 
6S 

6s max. = 20 degrees 

The operating gains were chosen from Figure 11 of Reference 1 

under the assumption that b S  = ba. 

3. Subjects 
Single -axis Dual -ai B 

4. R U ~  characterist ics 

Sessions 5 

per session 4 
Replications 



Only the fourth replication of each session will be recorded. 
A f u l l  f ac to r i a l  design w i l l  be used and the order of the four ex- 
perimental variables w i l l  be randomized for  each subject and each 
session. 

C )  Summary 

System configurations (SC) 

Plant dynamics (g) 
F i l t e r  break frequency (fb) 
Subjects (S) 
Repli cat  ion ( R )  

T o t a l  r u n s  = SC x G x fb x S x R = 

Total Runs Recorded E = 480 

2 

2 

2 

3 
20 

480 

1 2 0  

11. PERFOMNCE EXPERIMENT 

The performance experiment w i l l  be performed with the same 
subjects as i n  the training experiment and w i l l  be conducted as a n  
extension of the training experiment. 
main the same with the sole exception of the run characterist ics 
which will consist of only 2 sessions with 4 replications per session. 
All runs w i l l  be recorded. 

All variable values w i l l  re-  

Summary 
sc = 2 

G = 2  

fb = 2 

s = 3  
R = 8  

Total R U ~ S  = SC x G X fb  x S X R = 1 9 2  

Total Runs Recorded 192  

I11 .. ESTIMATED MGNETIC TAPE AND RUNNING TIhE REQUIREMENTS 

TBpe Requirements 
Total runs  to be recorded = 120 + 1 9 2  = 312 

Tape speed = 3.75"/sec = 18.75 f t /min  
One 2-min requires 2 x 18.75 = 37.5 f t  



Allow 50 f t  f o r  each run  
Total tape footage required = 50 x 312 = 15,600 f t  

3600 f t  per r o l l  of tape 

Number of r o l l s  required = 1*, = 5 rolls 

Time Requirements 

Total t ra ining runs = 

Total performance runs 
Total  runs required 

Time per run = 5 m i n  

Total running time =60= 672 56 hrs 

Total down time = loo$ = 56 hrs  

Actual time required = 112 hrs = 2.8 weeks 

IV, UTILIZATION OF EXPERIMENTAL DATA 

The experimental data w i l l  be required i n  Tasks 1, 2 and 4 
as follows: 

Task 1: Effect of Task Difficulty on Human Tracking Performance 

Analysis of the experimental data with the model-matcher w i l l  

following resul ts  : 
Scaling of task d i f f icu l ty  with respect t o  i n p u t  signal 
bandwidth and variable plant dynamics where the mean 

square tracking error  i s  used as the cri terion 
Effect of training on the parameters of the d i f fe ren t ia l  
equation form of the human p i lo t  model, 

0 .  0 

z +c1-J, z + %  z = a  x + a 4 x  3 
Effect of input spectrum and plant dynamics on the power 
match between the model and the human operator output. 

An analysis of variance will be applied t o  a l l  experimental 
data t o  determine its statistical significance level.  



Task 2: Effect of Hinher Order Models on Matchina Error 

In t h i s  task advanced model forms will be evaluated. Specifically, 
these models w i l l  have t h e  forms: 

'z' ( t )  + al d ( t )  = CX3 1; ( 'C) + x(7) and 

0.. 0. . . 
h z + z + Q 1 2 + a 2 z = a  x + a 4 x  3 

where 4 7 )  = x ( t  - .) 

Evaluation of the experimental data w i l l  yield the following resul ts :  

1) 
2 )  

Effect of a time transport lag on the model matching error .  
Effect of a th i rd  order term on the model matching error .  

Methods of computation of the time delay 1 and the third order term 
coefficient X w i l l  be studied. 

Task 4 : Advanced Model Matchinn Methods 

A n a l y t i c a l  studies w i l l  be made of the i te ra t ive  closed-loop model 
mstcher as well as the open-loop -del matcher. 
veloped w i l l  be used on the experimental data. 
can serve as a check on the resul ts  of Tasks 1 and 2 as these parameters 
w i l l  have been already determined. 

The node1 mtchers  de- 
The resu l t s  of Task b 
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Computation of power spectra of continuous data is performed by 
CDRC following a sequence of the following operations: 

(1) 
(2) 
(3) 

Analog data recorded on FM tape must be digitized. 
The digital tape must be converted into a 7094 compatible format. 
The IBM 7094 correlation and spectral analysis program' must be 
run. 

This memorandum outlines the major aspects of the three steps listed above, 
with reference to computation of spectra of manual, tracking records. 
1. DiRitlzing of Analog Data 

If the analog data are recorded at 3-3/4 in. per second, it is recom- 
mended that they be converted to digital form as follows: 

(a) Record all runs to be digitized on the same tape, using five 
channels of the tape. 
Digitize at 125 samples/sec, commutated among the four functions. ( b )  

The net sampling frequency becomes 

f = 125 = 25 samples/ second s 5  

This sampling rate is sufficiently high to avoid Nyquist folding if the 
data are filtered prior to sampling with a filter cut-off frequency. 

2. reccmmu+.,gtion 

The sampled data points from the A/D converter may not have sequential 
The l o c a t i c n ,  'and must be decommutated and separated into labeled records. 

progran for performing this process is known as the "F'M-FM Processing Program.Il 

STL Form 180 Rev. 11.63 
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3 .  Selection of Parameters for Spectral Program 

The program requires the selection of the following quantities: 

A t  = t h e  interval at which the correlation functions are computed. 
n 
m 

= the number of data points to be used in the computation. 
= number of lag values used in the computation of the correlation 
function 

The significance of these numbers can be related to the definition of the 
auto correlation function @= ( 7 ) .  

N 

gm(T = lim N+ Og 1-1 2 N + 1  X(ti) x (ti + 7 )  
i= -N 

Since the data are available only at discrete points, where 
t4 = i A t  

The lag values T rn1Jst also be separated by integral multiples of At, and 
(3) becomes 

n 

@ ( k b t j  -'I x(iL\t) x (iAt + kAt) 
xx n 

i=O 
( 4 )  

The number of lag values m is equal to the number of values of k in Eq. (4) 
which are used in the computati0n;i.e. k = 1, 2, 3....m . 

For the sampling frequency suggested in Eq. (l), we have 

= 0.04 seconds 1 
At 25 samples/sec 

The number of lag values, m, determines the frequency resolution Af 
possible. Assume that m = 250 is used. Then 

1 1 = 0.05 cps Af = m m  = 2( .04)(250)  

(5)  

If this resolution is too fine, fewer lag values can be used. A s  noted 
below, the number of lags is directly related to the cost of computation. 
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.If fou r  minutes of data are used, the number of data points 

becomes 

= 6000 see sam les 
rmn n = 4 min x 60 - x 25 s:c ( 7 )  

4. Confidence Eand 
From the fact that spectral estimates are distributed as chi- 

2 square, Blackman and Tukey 
ment techniques. 
band of the computed spectral density is, approximately, 

give confidence limits for various measure- 
For the method used in this program, the 90% confidence 

90% conf. band 20 ,/z db ( 8 )  

For n = 6,000 
m = 250 

90% conf. band z' 20 \I 12,000-250 250 = 2.9 db 

i.e. there  is a 10% chance that the true value of spectral density 
Sff(w) would be outside of the band 
h 

( 9 )  

If only 5,000 points are used, the confidence band becomes 3.2 db. 
Either 5,000 or 6,000 points would be adequate. 
width of the confidence band is approximately inversely related to the 
frequency resolution desired - i.e. the finer the resolution the broader 
are the confidence limits. 

It can be noted the 

5. outputs 

The digital program can provide an input tape for the digital 
plotter,and from any pair of records x(t) and y(t), the following can 
be obtained: 

(a) Autocorrelation functions R ( 7 )  and R ( T )  
xx YY 

' (t) Power spectral densities S (f) and S (f) 
xx YY 
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(c) Cross correlation function R ( T )  and 
X y  

cross spectral density S (f) . Since S (f) 
xy X y  

is a complex number, the program provides the 
magnitude and phase which can be plotted separately, 
The coherence function, C(f) is also computed, thus 
giving a measure of the degree of linearity in the rela- 
tionship between x(t) and y(t); 

(d) 

7. Preparation of Load Sheets 

A typical pair of load sheets, using the numbers computed above, 
is attached. The following additional comments can be made: 

(a) Normalization refers to dividing by the qean square value, so 
that the maximum value of the corrolation function becomes 1. 
Tape number,file number, etc. are provided by CDRC. 
The program can begin with an arbitrary point. 
if each record contains five minutes or 7,500 points at 
25 pts/sec, it is possible to start at the 1000th point 
and use the succeeding 5000 points, as indicated in the 
load sheet. 
If less resolution is required, every j-th point can be 
used. 
When both x and y functions are present and autocorrelation 
is requested, the program computes both autocorrelations. Wherc 
cross-correlation is requested, the program computes the co- 
herence function as well. 

(b) 

(c) For example, 

(d) 

(e) 

An important point to note is that an option in the program calls 
for removal of the mean from a record (if there is a non-zero mean). 

6. Preparation of Input Functions 
The following arrangement of data is suggested for each record: 
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Reference input r( t) 
Tracking error x(t) 
Pilot output y( t) 
Model output z ( t ) 
Matching error e(t) 
Blank 
Voice track for run identification 

The synthesis of human operator models is based on the relationship: 

Y ( j w )  = 
P 

rx 1 

where Y ( j w )  is the pilot 'Idescribing function1' and S ( j w )  and s,(jw) 

are obtained from two passes through the spectral program, 
8. Estimation of Running Time 

rY F 

Reference 1 gives the following estimate for IBM 7094 running time 
to : 

0 

where n and m have been defined previously 
P = number of power spectra output points 
x = 1 for 1 function (autocorrelation only) 

2 for 2 function (autocorrelation only) 
3 for 2 functions when cross correlation is requested. 

For large values of m (say m > loo), and X = 3, Eq. (13) can be simplified 
to 

tc Z 3.6 X lo-' mn seconds 

For 

With computer charges of $42O/hr, this represents approximately $55.00 per 
spectrum, not counting data reduction, digitizing and plotting. 

m = 250 and n = 5000, we obtain tc =450 sec = 7.5 min 

GAB : j bk  
Attachment 
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1. INTRODUCTION 

This report describes preliminary model matching experiments conducted 
with single-axis human operator tracking data. 

formed with a controlled element of second order and was intended to demon- 
strate the ef fec t  of various display characterist ics on the human operator's 
model. The objective was t o  employ the model matching procedures developed 
under Contract NAS 1-2582 (see Reference 1) i n  a practical  control task of 
the type to be fur ther  investigated under the present contract (Tasks 1, 2, 

and 3 ) .  

The tracking task was per- 

In the course of these experiments it was found that under the prevail- 
ing low frequencies of the perturbation signal ( f i l t e red  random noise with 

break frequency % = 0.33 rad/sec) the parameters did not always converge 
sa t i s fac tor i ly  to  fixed steady state values. In some cases non-unique sets 
of parameters were obtained. These observations made it necessary to exam- 
ine the s t ab i l i t y  and convergence characterist ics of the model matching 
process more carefully and to develop a n  improved optimization cri terion. 
The experiments were extended to  the case of a system with known parameters 
("synthetic pi lot")  t o  calibrate the accuracy of parameter matching and t o  
detect  the causes of parameter indeterminacy. 

Parameter indeterminacy was traced t o  cases of c r i t i c a l  system parameter 
combinations where model matching is  not feasible under low frequency exci- 
ta t ion.  
not res t r ic ted to  modeling by continuous parameter tracking . 

This di f f icu l ty  is of a general nature i n  system identification, 

Another systematic diff icul ty  was noted when the parameters associated 
with the highest order term of the model equation assumed very small values. 
This case led  to  an investigation of parameters which change the order of 



the model equation, and of s u i a b l e  computer programming techniques 
(see Referenee 3). The study also provided i n s i g h t  i n t o  the causes 
of fluctuation i n  steady s ta te  parameters, and into essential  d i f fe r -  
ences i n  parameter sens i t iv i t ies  (see Reference 4). 

It should be noted t h a t  the resu l t s  and observations i n  th i s  

report are  based on very limited experimental data f r o m  only few sets 

of experimental conditions. While both the observations and analysis 
indicate a broad application of the resul ts ,  further experimental evi- 
dence is  needed. 
l a t e r  phases of the program. 

It is hoped to  provide some of th i s  evidence during 

2. EXPERIMENTAL PROCEDLRE 

The experimental model matching studies were performed on single- 
axis human operator tracking data. 
tension of the techniques developed previously (Reference 1). 

addition to modeling the response of actual human operators, model 
matching was also performed on synthetic p i lo t s  with known parameters 
fo r  purposes of tes t ing the computer progpam, determining the accuracy 
of the parameter values obtained, and exploring sources of unsatis- 
factory model matching perform.nce . 

The modeling procedure was an ex- 
I n  

Tape recorded human tracking data served as experimental data f o r  
this study. I n  those eases where synthetic p i l o t  parameters rather 
than  actual human data were determined by the model matcher i n p u t  sig- 
nals x ( t )  from human tracking runs were inserted to provide a repre- 
sentative spectrum of excitation frequencies . 

The compensatory tracking task is  sketched i n  Figure 1. The 
model included not only the human operator response characterist ics 
b u t  also the display characteristics and hand controller response. 
The experimental approach and the conditions under which the tracking 
data were obtained are described i n  Reference 2, 

Most of the mdelmatching operations were performed by s i m u l -  

taneous adjustmeat of all four parameters i n  a continuous closed-loop 
process* 
used i n  some eases i n  an attempt to  improve convergenee. The con- 
tinuous and i te ra t ive  techniques have been f u l l y  described f a  Reference 1. 

In  addition, i t e ra t ive  and semi-iterative techniques were 



Figure 1. Block Diagram of Single Axis Tracking Task 

The semi-iterative technique adjusts se t s  of two parameters at  a time 
while the other two are held constant, The objective of this approach 
i s  to  minimize inter-parameter coupling during the adjustment process. 

For comparison of the various adjustment processes and the model 
matching qual i ty  obtained a figure of merit was introduced which defines 
the fraction of the system output y matched by the model output z i n  
terms of signal power. The power match (P) is defined by 

T 
[ e2 d t  
0" P = l  - 
sTy2 at 
0 

The t i m e  in terval  used i n  the integrals of equation (1) can be e i ther  
the ent i re  time period from the beginning of parameter adjustment or  
a selected time period a f t e r  the parameters have attained f i n a l  values. 
The l a t t e r  tends t o  yield a higher value fo r  P. 
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3 .  MODIFIED ERROR CRJ33RION 

The square law error  cri terion 

2 fl = (E + & >  

previously employed i n  the parameter optimization process has the 
disadvantage of a shallow minimum. 
uncertainty i n  the f i n a l  parameter values, since the error cri terion 
i n  practice does not register small deviations of the parameters from 
the theoretical  optimum. An increase of the adjustment ga in  constant 

K tends to  reduce the uncertainty leve l  but a lso tends to cause i n s t a -  
b i l i t y  of the adjustment process if the error  and hence the slope of 
the error  cr i ter ion i s  large. 

This causes a relat ively large 

A modified error criterion having a limited slope fo r  large de- 
viations from the optimumwas adopted to overcome this diff icul ty .  
This cri terion function fZ(e, g) and i t s  slope af,/& i s  shown i n  
Figure 2. It can be expressed mathematically by 

where m = L (1 - L). 
Independent chofee of the break point L, the center slope Kc 

and the rate coefficient g permits adaptation of the error  cr i ter ion 
f o r  optimum model matching performance. 
break point, the l i m i t  of af,/ae is  determined by M = KcL. 

values used during the experimental study were 

For a given center slope and 

Typical 

Kc = 5 

L = 6 deg 

Q = 0.5 see 

If the center slope i s  increased to values of 30 and above an ex- 
tremely sharp definit ion of the min imum of f 2  is  obtained. %del 



-L +t € 

Figure 2.  Modified Er ro r  Criterion f2 and Derivative 

matching of the hyman operator to be t te r  than  90 percent was possible 
in some cases (see below). 
the absolute error cri terion 

For large center slopes f 2  approximates 

f = + q < l  3 

without the a t t e n d a n t  problems of switching transients at E + q; = 0 
and of l i m i t  cycles occurring in the adjustment loops. 

The error  rate coefficient q used i n  f 2  can be reduced below the 
value of 0.5 which had been found optimum f o r  the square law c r i -  
ter ion f l  (see Reference 1) since the effective loop p i n  fo r  large 
e r rors  i s  very much reduced by imposing the l i m i t  L on the gradient. 
The optimum choice of q is  8 function of Kc and L, b u t  has not been 
derived i n  general. It was observed that large values of q tend to  
produce undesirable sign reversals of the gradient 

bf2 = 2(Ui  + qli,) sgn (E + qi)  F 
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f o r  large instantaneous < when E and < have opposite sign. 

to  a choice of small q-values, e.g., q = 0.05 fo r  most of the first 

order model matching experiments . 
This led 

4. EXPERIMENTAL STUDY OF SECOM) ORaER MODELS 

4.1 Modeling of Known Systems 

The effectiveness of  the modified error cr i ter ion function was 
studied for  a second-order known system with parameters 

-1 a = 1 2  sec 1 
-2 a2 = 20 sec 

-1 a3 = 15 sec 
-2 a4 = 10 sec 

The model equation was of the form 

. a  . . 
2 + 5 2  + a22 = a x + a4x 3 

Satisfactory values f o r  the model matcher constants 

Kc = 5 

q = 0.5 sec 
L = 6 deg 

were obtained by observing the power match and the s t a b i l i t y  of 
parameter adjustment. These values were subsequently used i n  the 
modeling of actual  human tracking data. 

4.2 Models of Human Operators 

Model matching on human tracking data, using the model equa- 
t ion (6) encountered a number of d i f f icu l t ies .  A t  the end of a 
tracking run  of two minutes the parameters had not attained steady 
s ta te .  A sequence of model matching r u n s  on the same tracking data 
was performed, each run  using the end values of the previous run as 
i n i t i a l  values. I n  some eases the parameters continued t o  d r i f t  

throughout the i teratfve sequence as i l l u s t r a t ed  i n  Figure 3. The 

use of semi-iterative parameter adjustment produced similar resu l t s  
as shown i n  Figure 4. 



A start from various sets of i n i t i a l  parameters resulted i n  
inconsistent steady s ta te  parameter values al though approximately 
the same power match of 8s percent was obtained with these different  
se t s  of parameters. 

This case of poorly defined parameters was further investigated 
experimentally. It was found that parameter ra t ios  such as %/a2 and 
?/% maintained relat ively consistent values i n  repeated model match- 
ing runs  i n  sp i te  of the indeterminacy of the individual ai (see also 
Section 6). 

5. EXPERIMENTAL STUDY OF FIRST ORDER MQDELS 

The revised model equation 

was used i n  an attempt to  simplify the modeling procedure in cases 
where the second order presentation (6) gave inconsistent o r  u n s a t i s -  
factory resu l t s  due t o  small second order terms The constants of 
the cri terion function used in this s tudy  were 

* 

L = g deg 

The very small value of g required f o r  t h i s  par t  of the study has 

been previously explained (see Section 3 ) .  A systematic study of 
parameter convergence and accuracy was performed i n  terms of a first 
order system with known coefficients and is  reported i n  Reference 5 .  

Model matching of actual human tracking data using a first order 
model of the form (7) resulted i n  stationary and repeatable parameter 
values. 
case of a f i rs t  order model, nearly the same as f o r  a second order model. 

A power m a t c h  of approximately 88 percent was obtained i n  the 

* The problem of s m a l l  parameters i s  analyzed i n  Reference 3.  



Since the s t a b i l i t y  characteristics of a f irst  order model matcher 
are  much less  c r i t i c a l  it was possible to obtain even bet ter  power 
matches, i n  excess of 90 percent, when the adjustment gain Kc was raised 
to values of 60 or  90. The resul ts  are shown i n  Figures 7, 8, and 9 .  

In the case of extremely high adjustment ga ins  and nearly zero 
modeling error it was observed t h a t  the result ing model parameters osci l -  
l a t e  rapidly about average f i n a l  values. The average values are the same 
as those obtained f o r  lower adjustment ga in  Kc where a power match of 
75 t o  85 percent was measured (see specimen shown i n  Figure 8). 
possible explanations have been advanced fo r  the observed parameter 
fluctuations: 

Three 

The variations i n  pi are primarily caused by the inhomogeneous 
terms 

Kc€(O) ui or Kc + q;(O)l  cui + (4.1 (8) 

i n  the adjustment equation (see Reference 1, page 72). These 
terms are due t o  continued excitation of the model matcher i n  
the presence of non-zero residual error  ~ ( 0 )  accentuated by 

large adjustment gain Kc 

The mismatch in model format due t o  the attempt of modeling 
the human operator by a first order equation (7) enforces 
continuous time variations of' the result ing parameters under 
the constraint of nearly zero mdel matching error.  

The parameter variations re f lec t  actual  changes i n  human 

operator parameters. 

* 

Further research w i l l  be required t o  substantiate these hypotheses. A 

combination of several of these effects  may be the cause of the observed 
parameter fluctuations. It was concluded that cause (3) i s  l ea s t  l ike ly  
because actual fluctuations of p i lo t  dynamics would not be traced as 
rapidly by the model matcher (having time constants on the order of one 
or  more seconds) as the fluctuations portrayed i n  Figure 7. 

* 
This effect  has been referred t o  as  "scalloping" i n  previous 
discussions. 



6. PARAMETER INDETERMINACY 

A di f f icu l ty  i n  parameter identification can arise if the system 
parameters assume certain c r i t i c a l  ra t ios  which cause indeterminacy. 
As an i l lus t ra t ion  consider the system equation 

a 

.* 0 

Y + aly + a2y = a3x + a4x 

having the transfer function 

a s  +a4  

1 
(10) *# = 3 

x s  s + a s + a 2  

For input signals of low frequency equation (10) is approximated 

a s  + a 2  1 

If the known parameters have values related by 

&4 
c1 

- =  
2 a 

a3 
1 a 

equation (10) simply becomes 

x s  yj = c1 

where C1 is the zero-frequency ga in  of (10). 

The corresponding model equation i s  transformed similarly into 

Z cv (a,s + 9) 
X ( 5 s  + a  2)- 
- (s) = 

A s e t  of system parameters w h i c h  are related i n  accordance with equa- 
t ion (12)  cannot be uniquely identified by model matching because the  

requirement 

z(s)  = Y ( s )  
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can be sa t i s f ied  i n  good approximation by any se t s  of parameters ai 
related by 

i .e ., the a-parameters w i l l  not necessarily be equal to the known 
a-parameters . For high excitation frequencies the approximations 
(11) and (13) a re  not valid and hence the indeterminacy of parameters 
a w i l l  disappear . i 

Figure 5 illustrates a plot of model parameters i n  the 5, 5 
plane and i n  the %, % plane. 

are  loci  of indeterminate parameter pairs. The ai actually obtained 
by the computer depend largely on the choice of i n i t i a l  values ai(0). 

I n  practice, even system parameters located i n  the vicini ty  of these 
loc i  can cause indeterminacy problems on the computer. In the presence 
of computer noise, a continuous d r i f t  of the parameters along the loc i ,  
o r  i n  t he i r  vicinity,  is to  be anticipated. 

The l ines  a3 = C 1 5  and a4 = Cla2 

This theory explains several experimental examples obtained on 

inadvertently 
were obtained 
obtained were 

Figure 6 
obtained from 
i n  continuous 

the computer where the parameters a of a "synthetic p i lo t"  were chosen i 
in  equal ratios a /a = aq/a2 = 2. 

i n  the parameter identification process although the ai 
not unique and depended on i n i t i a l  values ai(0). 

i l l u s t r a t e s  a case of poor determinacy of parameters 
human tracking data. 

monotonic d r i f t  of the individual parameters. 

mod power matches 3 1  

Repeated mde l  matching resulted 
The f i n a l  

ra t ios  %/a and a2/a4 obtained were approximately equal. 3 
A similar problem of parameter indeterminacy can also a r i s e  i n  a 

first order model matcher. 
given by 

If the system and model equations are 

i + blY = b21; + b x 3 
. . 
2 + f3,z = B2X + f3 x 3 
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having the transfer functions 

and 

respectively, parameter indetermisacy w i l l  occur i n  model matching 
i f  the system parameters are related by 

3 b 

c2 b2 = - =  
bl 

In this singular case the transfer function i s  frequency-independent 
having the gain C2 a t  all frequencies, 

Note that i n  this case the indeterminacy arises solely due t o  a 
singular combination of parameters, whereas i n  the second order case 
the indeterminacy is caused by singular parameters i n  combination with 

low excitation frequency . 
model cannot be t ru ly  frequency-independent, the s ingu la r  condition 
expressed by (17) w i l l  not actually prevail  at  high excitation f r e -  
quencies. 

Since a human operator * 8 transfer function 

Parameter indeterminacies induced by singular conditions of the 
form (12) or  (17) can possibly be circumvented i f  the system output z 
is modified by insertion of a low pass f i l t e r  such that 

1 a s  +aq 
a s + a  ~ s + 1  1 2 

- 3  - z' z - = 7 .  g(s) = X 
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The result ing transfer function 

4 a s  + a  3 
a TS 1 

2 + (a1 + a 2 T )  s + a2 

is  no longer singular, having coefficient ra t ios  

a + a 7  1 2  2 a 

which are inequal under the condition (12), fo r  T # 0. After deter- 
mining the modified parameters of (18) the e f fec t  of the f i l t e r  can 
be deducted t o  obtain the original coefficients. Further investiga- 
t ion of t h i s  method w i l l  be conducted i f  necessary i n  the forthcomirg 
model matching program . 

7. CONCLUSIONS 

The above experimental studies have provided significant new i n -  

sight into capabili t ies and limitations of the continuous parameter 
adjustment technique. 
the parameter determinacy problem which can occur i n  human operator 
models and which can be recognized by the behavior of certain parameter 
ra t ios .  

The findings necessitated further analysis of 

A separate analysis of small parameter problems,of re la t ive  parame- 
t e r  sensitivity,and of the s t ab i l i t y  and convergence characterist ics of 
the model matcher were the outgrowth of th i s  s tudy  (References 3, 4, 5). 
The first order model parameters result ing from the tracking data i n -  
vestigated here are  presented i n  Reference 2 i n  greater detail. 

The new optimization cri terion developed during t h i s  study consti- 

s tutes  a major improvement and w i l l  be used under Tasks 2 and 3 of human 
data evaluation. 
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Figure 7. F i r s t  Order Model Matching (High K c )  
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BLDG. ROOM EXT 

A first order d i f fe ren t ia l  equation wi th  known constant coefficients was 
formulated t o  be experimentally analyzed using a f i rs t  order model-matcher. 
The purpose of the analysis was t o  determine the effect of adjustment gain 
and parameter i n i t i a l  conditions on the convergence characterist ics of the 

model parameters. 
considerat ion. 

Parameter accuracy and repeatabil i ty was also t o  be a major 

A conventional first order model-matcher w i t h  a modified c r i te r ion  func- 
Details of the  cri terion functicnmay be found in  Reference 1. t ion  w a s  used. 

In t h i s  study the  cr i ter ion constants were 

0 K = 60 

q = 0.05 sec. 
L = 9 degrees 

where q is the weighting function of E and L i s  the  l imiter  value. 
i l l u s t r a t e s  the  cr i ter ion function used. If the first order d i f fe ren t ia l  
equation w i t h  constant coefficients is  considered as the describing equation 
f o r  a synthetic p i l o t  i n  a tracking task, then the synthetic p i l o t  may be re- 
garded as a black box with an input and output. 
inputs are denoted by x and their  respective outputs by y and z, then the differ- 

en t i a l  equations describing the dependence of y and z on x are given by 

Figure 1 

If the p i l o t  and model-matcher 

* 
y + b l y = b 2 x + b  x 3 . 
z + p 1 z = p 2 x + p  x 3 

and b are the (constant) coefficients of the p i l o t  and 
3 where bl, b2 

f3,, p,, and f3 
by the model-matcher so as t o  make E = z - y equal t o  zero a t  which t i m e  the 
f5 parameters become equal to the b parameters and the identification of the 

p i l o t  parameters is complete. 

are the model parameters. The model parameters are adjusted 3 

a 
For th i s  study the p i l o t  parameters were chosen 
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to  have values representative of comparable human transfer functions. 
cal ly  these values were 

Specifi- a 
-1 bl = 40 sec 

b3 = 25 sec'l 

Equation (1) may be written i n  the transfer function form 

where 

= 1  T~ -=  0.025 sec 
bl 

and s A two minute tape recording of a tracking error  
history obtained from a compensatory tracking experiment was used as the input x 

f o r  a l l  phases of the study. The convergence study was in i t ia ted  by f irst  in- 
vestigating the repeatabil i ty characterist ics of the model-matcher for  various 
values of the  i n i t i a l  conditions of the f3 parameters. 

i s  the Laplace operator. 

EFFECT OF INITIAL PARAMETER VALUES 

A random choice f o r  the i n i t i a l  parameter values w i l l  yield a c r i te r ion  
To circumvent t h i s  function whose magnitude w i l l  a lso be of a random value. 

dilemma, the i n i t i a l  conditions were chosen such tha t  the c r i t e r i a  function 
would have a large magnitude by assigning zero i n i t i a l  conditions t o  B2 and 

The parameter f3 must be non-zero to keep the model transfer function gain 
from approaching infinity.  Specifically f3, w a s  i n i t i a l l y  chosen t o  have values 
which were either high o r  low by 5 6  with respect to the  known value f o r  bl. 

With the  above described i n i t i a l  conditions, a repeatabil i ty experiment w a s  

. p3 1 



performed on the model-matcher t determine the effect  of these i n i t i a l  condition 
on the repeatabil i ty characteristics. In  these experiments, the model-matcher 
was allowed to operate on the input d a t a  f o r  short  lengths of time. 
gains of 30, 60 and 90 were used. 
t e r i s t i c s  fo r  the  @ parameters when B,(O)  = 0.5 bl and the adjustment gain was 60. 
With @, (0) = 1.5  bl, the parameter repeatabil i ty was markedly be t t e r  as shown 
i n  Figure 3. Adjustment gains of 30 and 90 yielded similar results.  
cluded from the experimental results tha t  @ 

t i a l l y  if good repeatabil i ty was t o  be expected. 
offered fo r  t h i s  behavior a t  t h i s  t i m e .  These i n i t i a l  conditions were used i n  
a l l  of the subsequent experimental measurements. 

Model-matcher 
Figure 2 shows the  poor repeatabil i ty charac- 

It was con- 
should be above i ts  t i m e  value in i -  

No theoretical  reasons are 
1 

LONG TERM CONVERGENCE 

In  operation the model-matcher w i l l  cause the @ parameters t o  converge on 
their  true values i f  suff ic ient  time is  available. 
t h i s  process is  shown f o r  one parameter i n  Figure 4. 
converges approximately to the true value i n  two d i s t inc t  steps. 
convergence i s  very rapid and consequently t h i s  portion of the convergence has 

been termed short tern, convergence. A f t e r  t h i s  rapid i n i t i a l  convergence, the 

parameter requires a long se t t l ing  time before it reaches a steady-state value 
(i .e.  long term convergence). 
error  E i s  large and consequently t h e  slope of the cr i ter ion function i s  large. 
However, when the  error becomes small (point A on Figure 4), the resultant 
c r i te r ion  function has a small slope with respect t o  E which decreases the con- 
vergence rate. 

A typical time history of 
Note that the parameter 

In i t i a l ly  the 0 

The i n i t i a l  convergence is  rapid because the 

An experimental analysis was conducted on the long-term parameter conver- 
gence to  determine the  effect  of adjustment gain and matching time on the  para- 
meter accuracy. 
various adjustment gains where the parameter values were determined upon com- 
pletion of a 2-minute run. 
t i on  parameters are also shown i n  Figure 5.  
the f3 parameters may be obtained with a percentage accuracy of - +6$ o r  better 

while the transfer function parameters may be determined to an accuracy of - +4$. 
In  particular the parameter KO may be determined t o  an accuracy of be t t e r  
than 0.5%. 

Figure 5 shows the percentage error  i n  the @ parameters for  the 

Percentage errors  f o r  the equivalent transfer func- 
Clearly, Figure 5 indicates t ha t  
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In an attempt t o  increase the accuracy of the convergence process, t he  same 

Four adjustment gains data w a s  run through the model-matcher a number of times. 

of 10, 30, 60 and 90 were used and i n  the f ina l  parameter values of 1 run were 
made the i n i t i a l  conditions for  the subsequent run. 
pendence of p parameter percentage error on the number of replications R as w e l l  

as the gain used. In general, the percentage error  was greater a f t e r  two repli-  
cations. 

either reached a plateau (for K =  60) o r  w a s  approaching one (for  K =lo). A l l  

parameters had approximately t h e  same percentage error and were predominantly 
negative. Percentage errors were also calculated fo r  the equivalent t ransfer  
function parameters and a re  shown in Figure 7. 
is apparently not warranted as the accuracy is  not increased substantially. The 

one exception occurs when the  gain is 60. Here a def ini te  increase i n  accuracy 
f o r  the CC and 7 parameters was obtained if replications were made. Compari- 
son of the accuracies fo r  the p and t ransfer  function parameters indicates 
t h a t  the transfer function parameters are again more accurately determined 
(especially f o r  KO and z ). 
function parameters are r a t io s  of p parmeters.  
errors  which a re  consistently negative and approximately equal, it follows t h a t  
their  ra t ios  w i l l  be much more accurate with the sole exception of parameter 
T which is  not a ra t io  but a reciprocal. Figure 7 clearly shows tha t  T~ is  

much l e s s  accurate than o r  T 

a 
' 

Figure 6 indicates the de- 

In  cases where three replications were made, the percentage error had 

Again, the use of replications 

0 1 

This result i s  due to  the f a c t  tha t  the t ransfer  1 
Since the p parameters have 

0 

2 

1' 0 

SHORT "EM CONVERGENCE 

In  the conduction of the long term convergence experiments it w a s  noted 
tha t  the  error  was very close to zero a t  the end of the short term convergence 
period. 
conducted i n  which the short term parameters were found f o r  f ive  randomly chosen 
points of the same data run previously used. 
and the RMS value of the percentage error  determined. 
were not as good as i n  the  long term case. 
meters w i t h  the  exception of 'c2 were found to be accurate t o  5s over a l l  of the 
adjustment gains used. 

function parameters. Again, the transfer function parameters are more accurate 
w i t h  the  exception of T ~ .  

To determine the parameter accuracy a t  this point, an experiment w a s  

These parameters were then averaged 
In general, the accuracies 

However, the t ransfer  function para- 

Figure 8 compares the accuracy of the f3 and transfer a 
This may be explained by the same argument used f o r  
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0 the long term convergence study. 
parameters a re  accurate to lo$ RMS fo r  K = 90 as t h e i r  values may be determined 
i n  a second o r  two while the long term parameters require about 60 seconds. 

It i s  important to real ize  that the short term 

In  many manual control tasks it i s  a common occurrence t o  find tha t  t he  

human operator w i l l  sometimes reverse the sense of h i s  polar i ty  output f o r  a 
short  time even though h i s  signal input has not changed polar i ty  during that 

time interval.  
present no method other than direct  visual  comparison of the input and output 
signals exis ts  f o r  the detection of control reversals (Reference 2) .  Since the 
model-matcher can rapidly converge i n  the short term sense with a fair accuracy 
(lo$), an experiment was formulated to determine i f  the model-matcher could 
monitor the parameter changes that result when a control reversal occurs. 

This 180' phase sh i f t  is  known as a control reversal and a t  

The control reversal w a s  simulated by providing an operational amplifier 
tha t  could operate se r ia l ly  on the input signal t o  the synthetic p i l o t  and 
change i ts  phase by 180'. 
the phase of the p i l o t  output signal by 180 
simulation. 
Figure 9 i l l u s t r a t e s  the switching system used to simulate the control reversal. 
Examination of the computer implementation of the p i l o t  indicates t ha t  the con- 
t r o l  reversal w i l l  cause the model parameters @ and t o  change sign from 

2 3 
posit ive t o  negative and consequently the model transfer function w i l l  have a 

corresponding negative gain K, . 

This scheme could have been used instead t o  change 
0 

0 
and thus effect  a direction 

However, it w a s  found more convenient t o  use the first method. 

0 

Using the same input data x, experiments were performed w i t h  t he  model- 
In  general, the matcher t o  determine i f  it could monitor control reversals. 

performance was poor i n  tha t  the model-matcher parameters would not always 
converge when the  control reversal w a s  simulated. However, many instances did 

occur when the model-matcher was able to properly detect the control reversal. 
Figure 10 i l l u s t r a t e s  one case where a control reversal was simulated a t  time 

tl. 
of the control reversal was generally rapid (1 or  2 seconds) and in  a l l  cases 
a transient was also introduced into the  p parameter during the reversal as 1 
shown i n  Figure 10. Parameters p, and p both reversed polar i ty  during the 
reversal (at t i m e  t l )  and a t  t i m e  t both parameters reverted back t o  the i r  

A t  time t2 the or iginal  control polar i ty  was reestablished. The detection 

3 
2 
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original  value. 
reversal  as w e l l  as the reversion back to the or iginal  control polarity. 
determine the accuracy of the model-parameters just a f t e r  the occurrence of 
the reversal, another run was made i n  which the parameters were measured wbile 
the model-matcher was i n  the  computer hold mode. Accuracies of these measure- 

Consequently, the model-matcher w a s  able to follow the control 
To 

ments are shown i n  Table I where t h e  t i m e s  t,, t, and t are as indicated in  3 
Figure 11. 

I 6  

TABLE 1 

0 
K O  / o  E 

tl 1 +0.639 + 2.24 

-0.632 + 1.12 t2 

0 
t3 I +0*625 

/ o  E 0 

0.570 -5.00 

0.577 -3.83 

" / o  E .b2 
(secs) 
0 . 0227 -9.20 

0.0231 -7.60 

0 0191 -23.6 

This preliminary study on the detection of control reversals has shown 
that the modeLmatcher is capable of detecting control reversals with a fair 

degree of accuracy. Since control reversals i n  the real world are of short 
duration (in the order of seconds), it w i l l  be d i f f i cu l t  t o  increase the para- 

meter accuracy as the  model-matcher short  term accuracy i s  relat ively poor com- 
pared to i t s  long term accuracy. However, t he  most serious l imitation of the 

model-matcher as a control reversal detector is  i ts  inconsistent operation. 
More research will be required t o  establish if the model-matcher can be used 
w i t h  the confidence i n  the detection of control reversals. 



CONCLUSIONS 

An experimental analysis on the convergence character is t ics  of a f i r s t  
order model-matcher led  t o  the following conclusions: 

(1) Parameter adjustment repeatabil i ty w a s  good when 

B, (0) = 1.5 bl and pz(o) = B3 (0) = 0. 

(2) For long term convergence, the f3 parameters may be obtained with a per- 
centage accuracy of +6$ while the t ransfer  function parameters may be 

determined to  an accuracy of +4$. 

Use of replications does not substantially decrease the long term con- 
vergence error .  

- 
- 

(3 )  

(4)  No optimum gain was found f o r  long term convergence. 

( 5 )  For short  term convergence, both the f3 ana t ransfer  function parameters 
may be determined with an accuracy of lo$ (RMS) a t  an adjustment gain 
of 90. 

The optimum adjustment gain for  short  term convergence was 90 (the 
highest value used). 

For both long and short term convergence, the t ransfer  function parameters 
may be obtained with a better percentage accuracy than the p parameters 
except f o r  the case of T~ f o r  which no s ignif icant  difference occurs. 

The t ransfer  function parameter tc 
precision (0.5$ f o r  long term convergence and 29 f o r  short  term). 

The model-matcher can detect control reversals but the detection i s  sensi- 
t i v e  t o  the instantaneous value of the input x and is  not consistent. 

0 ( 6 )  

( 7 )  

( 8 )  may be determined wi th  the greatest  
0 

(9) 

Direct application of these resul ts  t o  the  prediction of model-matcher 
performance on d i f fe ren t ia l  equations w i t h  unknown coefficients andsof an order 
other than one, cannot be just i f ied f r o m  the experimental analysis as the analy- 
sis w a s  only concerned with an equation of order one w i t h  known constant 
coefficients.  
possible f o r  the model-matcher t o  follow the variation i n  the unknown parameters 
w i t h  a fair  degree of accuracy as the model-matcher does exhibit a good short  
term parameter convergence accuracy. 

If the unknown coefficients are slowly time-variant it may be 

a 
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An analytical  study of the sens i t iv i t ies  of the p and transfer function 
parameters has been made t o  explain the difference i n  behavior of the two 
sets of parameters. 
reported here and may be found i n  Reference 3. 

This analysis i n  general supports the experimental work 

E. P. Todosiev 
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Figure 1. Criterion function 
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Figure 2. Parameter repeataUility (p 1 ( 0 )  = 20)  



Figure 3. Psrameter repeatability (pl(o) = 60) 
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Figure 4. Parameter convergence 



Figure 5 .  Effect of adjustment gain on long term convergence accuracy 



Figure 6. Effect of replication on long term convergence 
(p parameters) 
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(transfer function &mneters  ) 





Figure 9. Control reversal eimulation block diagram 



Figure 10. Simulation 
of control reversal 

Figure 11. Parameter accuracy during 
the control reversal. 
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Relative ~ n r l t l v l t y  of B\p.n Pilot 
Mdrl Purarrtrrr 

1. Problem Statement 

Experimental results indicate that the pareuoeters in a tranefer 
function model of the hman operator, eepscicrlly the steady s t a t e  gain 
factor KO, tend to be detennined with greater precision by the model 
matching procees thsn the indlviduel coefficiente of an equivalent 
differential  equation model. This result  is traceable to the relative 
magnitude of the sensitivities of the various parameters. 

The purpose of 8nalyZing these relationships is to confim the 
trends exhibited by the experimental results in quantitative and qualita- 
tive terne, and t o  f ind  cri teria for  selecting mathematlcalmodel struc- 
turee that yield to parameter identification proces8es with hlmr 
precleion tban others. 
possible to distlnguishbetween a o ~ s e  of poor computsr accurscy und a 
nnfhcmatically unfavorable ChOiceI of the tack w h l c b  the computer I s  asked 
to perfom. 

8re explained by tho fsct  tbst tbs e m r  tern G is in f l r r t  approxiPation 
a weighted m a  of the Individual parameter error8 'sai, 

On the baaie of th is  amlyeie it w i U  ale0 be 

!The dlrsllPPihr relst lvs accuracy lcvelr for different model panuneterr 

k 

i 4 

w b r e  the ui are the sensitivity coefficients of G with respect to ai 
(see Referents 1, p.g.8 50 - 72)  . If equsl d3wtaePlt @n r e t t b g s  K are 
wed In fbr biffarrrrt pmmter 8dJurf#nt eircrdtr,fb, paramotorr a 3 
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having the largest r eh t ive  sensitivity u will be defined with greater 
precision than others. 
tours of the error criterion F = 

3 
In a two-parameter case, for example, the con- 

e 2 d t  w i l l  be elongated in  the direc- 
tion of the parameter b a n g  a weaker sensitivity (Reference 1, pages 

56-58) ,  
to r c o l ~ u r l  prrrpwtmr errom. 

the error criterion F being less  sensitive in  thie direction 

2. Equivalent Model mms 

In this discussion we compare the first order l i n e a r  model differ- 
ent ia l  equation 

having panwtars 8, with the equivalent transfer function model 

where 

Both modal forme (2) and (3) have been used interchangeably i n  
previous work. The d i f fe ren t ia l  equation corresponding to ( 3 )  

is derived f r o m  (2)  by multiplication with ?2. Computer results (Refer- 
ence 2 )  show that % i s  a well-defined parameter, whereae the terms B,, 

which determine tend to dr i f t  simultaneously or yield somewhat 
B3 
inconsistent result8 in repeated modeling rune of the same hrnnur opera- 
tor tracking data. T~ and T~ are also defiped w i t h  greater relative 
accuracy than the corresponding pi terne. 

3. Sensitivity Equations and Sensitivity EIatios 

Tbs inf lwnce coefficients ui = bs/aei a m  obtained bj molutlon 
of the s e n r i t l r i t 9  aquatiom derived flwr (2) 

I 

! 



(7) 

yield 

Pbr s lmpl l f iat ion of the subsequent dlecuslrlon we form the sonslt lr l ty  
ratios 



These expressions which permit an estimate of the relative meplitude and 

power of the  sensit ivit ies ui and vi are i l lustrated by Bode graphr rhown 

i n  Figures l a n d  2, respectively, for a typical Case where the parruaster 
values are 

KO * 0 , 6 2 6  
p== I S  o r  r, = 6.600 sec 

p3 c- 2s s e t '  -cz = 0 .026  S C C  

(This parameter condition haa been the aubJect of an extensive experimental 
model nutchin& study and data analysis 8 s  reported in Reference 2.) Table 1 
give6 the characterlatice of. the functions r and q used in constructing the 
Bode plota.  

Table 1 
Charscteristice of Sensitivity Ratios 

I ,  l o  

. '13 

q23 I I 
0 I @  

While r and q give mletive senaitivitiee of the parameters within 
the model8 (2), (3) reapectively, the relative aenaitivitiee between the 

models are expressed by the  ratios etc. %e term 

I s  plottod i n  ?&#we 2. Uiing th i s  term for callbrstioa ths otber -la- 
tive i n t o r d m 1  smnrltivltier can be deduced. 
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4. Discussioh 

I n  evaluating the amplitude vs. frequency plots for r and q 
one must take into account the upper frequency l i m i t  of the excita- 
tion signal x ( t )  occurring i n  h u m  tracking studies. (k the balis  
of p e a t  experiments we set the cutoff frequency roughly B t  uC = 
5 radlsec to obtain estimates of relative W i t u d e s  of the ui and 

(The resulting estimates ref lect  this choice of coco) In the 
frequency range of i n t e r e s t  the sensit ivity ratios behave as followe: 
vi 

Table 2 

Differential Equation Transfer Function 
Parameters Parameters 

Between Models 

r N 15 ... 1 

r12 IJ 1 0.3 

01 
rO2 N 15 om.  0.3 

This leads to  the following observations: 

1. The psrameters e,, e,, p3 have essentially the same degree of 
sensit ivity except that  u dominates uz, u1 in the lower fre- 
quency region, u2 dominates u l a t  low frequencies, u3 at  high 
frequencies. 
mstched. This agrees with the findings, in Reference 2, of am- 

3 

On the average the sensi t ivi t ies  are approximately 

parable accunrcy O f  a n  p 's  

2. The parslpeter sensit ivit ies fo r  %, T ~ ,  T~ sbow larger dlsper- 

sions. 
.of 1 4 5  rad/8eCm 
to dominate vo and V1 in the upper frequency ran@. l ba  high 

vo dominates Vl aad vz very distinctly up to frequencies 
and V2 8- of 8idlar IPaQPlitude, but  v2 



accuracy of I$, exhibited I n  the experimental study confirms this re- 
sult. On the other hand T2 sbwe consistently poor accuracy compand 
to Tl and l$,, but should be expected to be a t  leaet on 8 par with Tl. 

This discrepancy points to porslble computational in~ccuracy In t k  
results of Reference 2. 

3. The most s t r ik ing  difference In eenslt lvlt les I s  Indicated by the 
behavior of Vo/U3. Thue fo r  the case investlgatad the steady state  

gain  % I s  determined with an accuracy a t  leas t  an order of ma@ltude 
higher than the parameters 0,. In  view of the valuer rol, rO2 and the 
ra t io  V /U we deduce that T~ and T~ should also be amriderably mora 
well defined than the p,,,. This finding is confirmed by the experi- 
mental results. 

0 3  

Additionml inri*t is gained by noting that 

which ahow8 tba dominance of v1 and v2 over the U’S. 

40 The above r e s u l t s  are largely parameter-dependent. lbr example, 
r 18 shaped by T1 and I$,. Flgure 3 f l luetrates  bow rol varies with 

Increases In each of these parameters. As ‘rl lncreares,the dominance 
of VQ l e  enhanced, an Incresse In % has the opposite effect .  
The domlnsncc of vo over ul, u2, u depends s t lpng ly  on r2. Ipor In- 3 
creared T~ (h-n pi lo t  lag time constant) to I I D ~  typical values of 
0.1 - 0.2 rec the preponderance of vo decreases by an order of magni- 
tude but I s  r t i l l  noticeable. T1 has a much nsl ler  effect  on t b  
ra t io  U /V unlerr T1 i r  substantially increared above the 0.6 roc 
value wed in this dlrculelon. . 

01 

3 0  

r12 and Q Z ~  are larely uninfluenced by parametor clm#or. 

I 
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a 
5. Conclueion 

The simple atralyticalmethod presented here is very useful i n  
detecting source8 of psramstar definition accumcy or lnrccuraay 
w b i c h  a y  otherwise m m i n  obscure. The wtbod c ~ l l  be rardily ex- . 

kp4.d ho p t . o w a a  p r e ~ k m  obmsbr f i rd  by w m a  o w r  #(klr,  
but reamins limited to linear ~tructures. 

The metbod serves to pinpoint prrthelpaticslly favorable model 
fomate or parameter cambinations to be selockd for tb optlmlu- 
tion progrmm. A i  a g8naral metbod of sensitivity analysis it br * 

a mnge of appllcationr in Colltml engineeri~, iyitaa optWution, 
ad.ptiva mtrol, ma relatad fields whera it s h o u ~  bo G t b r  
purruod. 
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1. Method of Approximation 

A first order approximation of the ef fec t  of time delay 'I in the 

mathematical model of a hunmn operator can be obtained without actual  
implementation of a time delay term in the cumputer c i rcu i t s  (see Ref- 

erence 1,pg. A-23 ). The time-delayed response 1s obtained by extrapola- 
t ion  from tha solution for 'I - 0,  using first order parameter influence 
terms . 

Consider f o r  example the model equation w i t h  time delay in the 
input  signal 

.. z + u , i  4 cx2z = o c , x I t - z )  

where 
x ( t )  .I i n p u t  signal to human operator 
x(t-%) = time delayed inpu t  signal 
c = output of the mathematical p i l o t  mode1 

%,%,% = model parameters. 

A first order extrapolation in the vic in i ty  of T = 0 

(where c - tTr o) is obtained f r o m  
0 



and the par t ia l  derivative of zo with respect to 7 .  

by solution of the sensitivity equation 

w* 
a7 

This derivative, the influence coefficient uI = - , is obtained 

Eq. (4) i r  derived fmm (3) by observing that 

at 7 - 0 .  

mtion 
In the vicinity of I = 0 equation (5) i e  an acceptable approxi- 

Equatione (3) and (4) yield 

. 
u, = - 2 0  

only i f  the initial conditions of the respective differen- uT equals ' 

t iaL equations (4) end (3) are the 

the model output is determined by the continuing random excitation sign81 
x ( t )  the importance of i n i t i a l  values in (3) and (4) l e  minimized, provided 
the homogeneous solutions am damped. Substitution df (6) in (2) yields 

OZ0 
Since for purposes of this study 

2, = 2, - z* .1 

/. 
This could also have been derived directly in term of operational calcu- 
l u s ,  using the first order term in the aeries 

e- = I - z s  +xz I a z  5 -.. 
2. A n d y e i s  of Approxilpation Error 

a) Sinueoidal &citation 
I n  the case of a purely rinusoidal input  

x A sin ut = A s i n  9 

! 

( 9 )  
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the approximation error can be explicit ly  derived ar followr. Ut tha 

eteady e t a t e  eolutione c, co, io be denoted by 

The approximate model output is 

Thus the approxixmtion error l e  

To further simplify the notation, let  8 - 1 = *. Thus from (13) 

when 

h - S i n ) I  

I - c o s h  

... for emall A k - 
3 



As 

a t  
Of 

of 

i l lustrated in Figure 1 the approximation error el i e  nearly zero 
the n u l l s  of eo and maximum a small time interval af te r  the maxim 

zoo 
zo by the smoll pbaoa rpm el. 

The nulls and pleximr of el are shifted from the n u l l s  and nux- 

It should be noted that these assumptions do not presuppose a model 
equation of the form (1). Higher order linear differential equations i n  
z and higher order terms i n  x ( t  - 7 )  yield the same result. 

The .axiwtm error E 0 el max is obtained by substituting (l6) Into 
(14) 

E = B  

Ths resulte 8ra tabulated in Table 1 for X values C 1. 

Table 1 
Nonnalited Maximrtlpp' Error E 

A = W  
(rad) A 
0 0 

0 02 0.020 

0 .4 o .081 
0.6 0 .184 

0.0 0 *313 
1 .o 0 .489 

Figure 2 sbws graphs of tha normslized mmclmum error as function of 
time delay ? for various values of the excitation frequency a. For t b  
frequency range of interest  (a 5 1 rad/sec) and typical huam p i l o t  t h e  

delay (T s 0.3 eec) t& ermr is considerably maallor th8n 5 percent of 
the paxiam model output. 

. 





2 

e- 

6.01 a 
1. 



b )  Random Excitation 
For random excitation the above resu l t s  provide estimates of the 

amplitude dis tor t ion at  various frequencies in the model response. Ibr 
excitation bandwidths of approximately 1.0 rad/sec only the upper fre- 
quency componantr axhibit L 1 4 t l C O 8 b l O  hirtortlons on tho ardor of 5 p o r a n t .  

3. Prediction of Time Dew by Steepest Descent AdJustment of ? 

If the approximate model output z1 is used as basis of a computer 
prediction of ? (see Reference 1, pg.A-23)a prediction error must be 
expected 

The 
mstching 

W h e r e  

With 

due to non-zero B values. 

ateepest descent equation for  determination of Tl for d e l  
of t by =ana of tl is of the form 

L e t  the predicted value be T ~ .  1 

1 2  
2 1  f =  - e  

one obtaina 

e, = - K e, so 
Note t h a t  a computer c i r cu i t  f o r  obtaining T1 estimates can be set up 
w i t h o u t  requiring a time delay u n i t ,  simply by using the available tams 
E (model mntchlng error) and io, as shown in Figurs 3. 1 

!llmoreticaUy tha amputer-predicted time delay Tl is obtained as 
follows. mr einueoidal excitation x ( t )  at frequency equation (20) 

may be exproreed by 



F'l&ure 3. Computer Circuit for Detenuinstion of 



The error term e is sinueoidsl with ampl i tude  El 1 

similar to  (17). Obviously, minimization of $12 w i t h  raepOct t0 
A1 by steepest descent require6 

since 

Therefore 
2 

E l h i n  = B2 ( L O S A  - 1)' 

The prediction error In A and the residual error criterion amplitude 

*1 min 
values of interest the 1-error is lees  than 0.01 radians. For random 

are l isted in Table 2 and plot ted i n  Figure 4. Pbr ~1 and T 

~ ~- 

0 - 0  

10 e1745 
20 e349 
30 0523 
40 *w 
45 e 7 8 5  

Table 2 

Approximation Error in X 

I1 
(rad) - 

0 

.1740 

.342 
e 5 0 0  
e 6 4 2  
em7 

0 0 

0 e 0 0 0 5  0 e015 
0 0007 0.060 

0 0023 0 4 4  
0.056 0 *233 
0 e o 7 8  0,293 
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excitation signals 
t ion e r m r  i n  'c if 
used i n  the graph. 

4 . Discussion 

these resul ts  provide upper bounds on the estinm- 
the m u t i m u m  frequency of the excitation signal is 

The foregoing analysir provides insight i n t o  the character of time 
delay approximation resu l t s  obtainable by the proposed method, and ests- 

blishes that approximation e r h r  is insigaificant fo r  frequencies and 
time delay values of practical  in te res t  i n  human p i l o t  models. 
identification problems w i t h  much larger time-delay (e .g., process control) 

the above assumptions must be re-examined. 
qUenCles are usually emal l  i n  such cases the approximetloxalsprobably sti l l  
quite useful. On the basis of these r e s u l t s  the computer program depicted 
i n  Figure 3 will be u t i l i zed  i n  Task 2, etc., of the subdect study. 

For system 

But since perturbation i r e -  

In- the  "non-ideal" case where the model structure and the system 
structure a re  dissimilar i n  terms other than the time delay ?, o r  i f  addi- 
tion81 parameteas are unmstched, the above discussion is w longer exact. 
The r e s u l t s  only serve as reference d a t a  f o r  the simple case of unmatched 
r-terms . 

R. Bellman (Reference 2) and other investigators have questioned 
the f eas ib i l i t y  of Imbedding the solution f o r  r = 0 wi th in  8 family of 
solutions f o r  ? # 0 under =re general conditions, and point out funda- 
mental d i f f i cu l t i e s  of defining sens i t iv i ty  here. Iha obdective of the 

present analysis has been to establ ish f eas ib i l i t y  and confidence levels  
f o r  the case of i n t e re s t  In human p i lo t  modellng as exemplified by equa- 
t ion (1). 

References 
1. ti the ma tical Models of Human Pi lo t  Responses," SCL Propoeal 3667.000, 

dated U June 1964, pp. A-23 to A-25. 

2. "Perturbation Methode In Science and Englneerlng," by R. B a 3 l a n ,  
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The sensi t ivi ty  of dynamic systems t o  mal l  parameters that 

change the order of the mathematical  m o d e l  has been the subJect of 
extensive studies by various i n v e s t i & o r s .  Diff icul t ies  a r i s e  due 
to  the f a c t  that in general a s i n g u l a r  condition ex i s t s  at  the time 
t = 0 such that the parameter sensi t ivi ty  of the solution cannot be 

rigprously defined at this point. 

The purpose of this analysis is to show that th i s  problem is 
of no serious pract ical  concern fo r  purposes of humsn p i l o t  modeling. 
A simple computation program aim be formulated to obtain the values 
of nmcall parameters of this type which have been omitted i n  the for-- E 
mat  of the model equation. 
me- are derived, 

Estimates for  the errors inherent in the 
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APPROXIMATION OF SMALL PARAMETERS ASSOCIATED WITH HIGHE3 

O R E R  TERMS IN HUMAN PILOT MODELS 

1. PROBUM STATEMENT 

The model d i f fe ren t ia l  equations used to represent the human p i l o t  
are usually assumed to  be of first or second order. 
are associated with higher order terms can have a significant effect  on 
the model response. 
model va l id i ty  and accuracy’. 

Small parameters which 

Such effects  may have to  be investigated to determine 

Consider the example of a first order model 

of a human p i lo t  i n  comparison w i t h  a second order model 

xi + i + p p  = p2 x ( t )  (2) 

where A i s  a small non-zero parameter. 

troduces theoret ical  and pract ical  computation d i f f i cu l t i e s  which are  the 
subject of t h i s  analysis,  

The t ransi t ion from (1) to ( 2 )  i n -  

proposed method f o r  approximating the e f fec t  of the X-term on 
the model matching error  E {see Reference 1, p.  A-22,  A-23) is based on 
extrapolation i n  the vicini ty  of the solution zo obtained f o r  A = 0 using 
the first order parameter sensi t ivi ty  coefficient of zo, viz . ,  

azo z ( t ;  x) = zo(t)  + - 1 ax (3) 

provided such a sensi t ivi ty  coefficient can be obtained. 
on the modeling error  E = z - y is approximated by 

The ef fec t  of X 

E: ( t ; X )  = z1 ( t ; X )  - y (t) 1 



Tbfs method can be used to  estimate the omitted term X by steepest descent 
parameter optimization using the adjustment equation 

a 

bf 
ax where f = 3 e 2  i s  the error  criterion, - = E 5 is  the gradient compon- 

ent with respect to the parameter 1, and 5 = ax = - denotes the i n -  
azo beO 

bX 

fluence coefficient. An analogous method f o r  evaluating the effect  on E 
of time-delay terms has been proposed and analyzed i n  Reference 2. 

Formally, the influence coefficient \ is obtained by solving the 
sensi t ivi ty  equation of zo w i t h  respect t o  A which is  derived from (2)  

fo r  the case X = 0. 

The mathematical problem arising i n  this approach centers on the 
i n i t i a l  conditions applying t o  equations (1) and (2). An arbitrary choice 
of i (0) i n  (2) does not permit a continuous variation of x f r o m  non-zero 
values to X = 0. The case X = 0 i s  s ingular .  Hence a t  t = 0 the der i -  
vative 

0 

- is  not defined unless the i n i t i a l  va lue  k (0) i s  chosen ax 
specifically so as  t o  satisfy equation (l), viz. 

This problem has been treated extensively in the l i t e r a tu re  on system 
sensi t ivi ty  (e.g., References 3, 4) from a theoretical  standpoint. 

However, f o r  purposes of model matching where the solution at  times 
t # 0 i s  essent ia l ly  determined only by the response to continuous ran- 
dam i n p u t s  rather than by the i n i t i a l  values of z, 2 ,  ... the singularity 
a t  t I 0 is  of no pract ical  significance (see Reference 4). 
supposed that w e  a re  dealing w i t h  stable systems where the e f fec t  of the 

. 
It i s  pre- 

i n i t i a l  s ta te  subsides rapidly.  a 



This analysis w i l l  be concerned with the error  inherent i n  the 
approximation (3) and with the accuracy of A-values obtained by the 
solution of ( 5 ) .  

-- - r 

dt 

2. COMPUTATIONAL METHOD 

Equation 

The parameter adjustment program t o  be used i n  approximating X by 
the steepest descent technique is  i l lus t ra ted  i n  Figure 1. The sensi- 
t i v i t y  equation (6) requires the term -zo as driving function which is  

obtained by differentiation of k This term i s  available i n  the c i r -  
cu i t s  representing the model equation. 
cannot be circumvented. 

.. 
0" 

The differentiation requirement 

An alternative scheme can be devised which contains a term X'z' i n  
the model equation thus solving ( 2 )  rather t h a n  (1) as shown i n  Fig- 
u r e  2. The 1-term can be obtained, as before, by model matching ad- 

justment i n  accordance with (5). 
feedback term X' i  generated by expl ic i t  differentiation has caused d i f f i -  

cul t ies  i n  pract ical  computer operation Direct solution of ( 2 )  by more 
conventional programming i s  unsuitable fo r  cases where X approaches zero 
(see also Reference 5) .  

However, the introduction of the 

€ I = -  XI ,-KE1uk f - X Y 
System 

rh 
I 

I I 

1 Figure 1. Computer Program f o r  Determination of 1 
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Figure 3 

Alternate Computer 

A third scheme (Figure 3) has been devised which generates 'z' by implicit 
' 0 different ia t ion.  

fOrUl  

This program is based on equation (2 )  rewritten i n  the 

The amplifier generating i' becomes in ef fec t  a high gain amplifier f o r  
X = 0. Therefore the combination of amplifiers 1, 2 and integrator 3 per- 
forms the function of an implicit  differentiator.  
t ransi t ion f r o m  zero t o  f i n i t e  values of X is  automatic when the human p i l o t  
response requires representation by the higher order model equation. 

Corresponding computation schemes apply to t ransi t ion f r o m  nth to 
(n + l ) s t  order models. 

It is noted that the 

The proposed computation process, Figure 1, permits the evaluation of 
the e f fec t  non-zero X values on the matching e r m r  E wi thou t  physically i n -  
cluding a A feedback c i rcu i t .  A s  discussed i n  Reference 1 the X-adJustment 
can be performed i n  open-loop manner and the approximate resu l t  X1 int ro-  
duced into the e r m r  term, viz.  0 

f o r  observation of potential  accuracy improvements. 

.. 

- X C i )  



3. ANALYSIS OF APPROXIMATION ERROR 

a As i n  Reference 2 this analysis w i l l  be based on the  simple case of 

a purely sinusoidal excitation signal 

x ( t )  = c s i n  ut 

Using the notation X, Z, Zo,Z1 Uh, El, f o r  the Iaplace transforms of 

the respective variables we obtain from (l), (2)  and (4) 

z 82 a 
X " 2  

- 0  

As2 + s + p, hXs + b s  + 1 

n 

6O 8 
- 0  

X ba + 1 

'a 2 ab B - =  - 
X (b B +l)z 

where a = B2/B1, b = l/bs 

Hence the approximation error 

is  expressed by 

2 a ab X s + e, 0 
a 

0 
- -  
*r - 
A bXsc + b s + 1 bs + 1 (bs + 1)" 

For convenience of analysis this equation is normalized by the 

notation 

- normalized error transfer function 1 
T-z-  v =  

u) r \ =  - - normalized excitation frequency where 
p1 i s  the cutoff frequency of the model 
t ransfer  function ( 9 )  

% 

( 9 )  



- normalized small parameter X ha, = = p 

- normalized approximation of X obtained 
by solution of eq. (5) 

I1 Alel = b- = c r l  

Pl 
- normalized Iaplace operator S 0 = -  

T h i s  resu l t s  in 

2 1 + u - p1 (3 - 1 3 =  
1 + u + p u 2  (1 + O l 2  

Frequency response loc i  of the terms V 1  and v2 are plotted in 
Figure 4 t o  show the approx-tion error V f o r  several values of the 

parameter p. For small frequencies 
the approximation is quite satisfactory b u t  the error  increases rapidly 
as ].,I approaches a peak value near the c r i t i c a l  frequency yz = 1 / ~ ,  

i.e., a> - le,/x: 
The best  estimate f o r  p obtainable Qy solving equation (5) can be 

determined graphically by means of the loc i  'I c const in Figure 4. 
e r ror  Ap i n  the parameter value plthus derived is  plotted versus f r e -  
quency )7 i n  Figure 5a. 
Figure 5b. For frequencies of interest  in human p i l o t  models ((u < - 5 rad/ 
see) and a typical parameter value p, = 50 rad/sec, i.e., fo r  < - 0.1, 

these results show that X 1 w i l l  be determined with an error of less than  
10 percent for  X < - 0.04 (p < - 2 ) .  The output amplitude error  of z1 is less 
than 1 percent under these conditions. For (u = 10 rad/sec (q = 0.2) the 
er ror  i n  X increases t o  X, percent while the amplitude error  is  s t i l l  only 
1 percent. As the frequency increases, the parameter values p which per- 

m i t  a satisfactory approximation by  t h i s  technique decrease sharply, as 
shown i n  Figure 5a. The accuracy of the technique is comparable to the 

(0 ... 0.4) and small p (0 ... 4) 

The 

The corresponding minimum of / V I  is  plotted in 

analogous approximation of time delay T discussed in Reference 2. e 



Figure 4. Frequency Response b c i  of V -  
I 
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4. DISCUSSION 

The above analysis has shown iht  small parameter values X @811 be 
approximated with acceptable accuracy i n  the vicini ty  of X = 0 when the 
model equation is  subject t o  a low frequency sinusoidal excitation signal. 
Theoretical considerations concerned with a s ingu la r  point a t  t = 0 do not 
cause pract ical  problems since the parameter identification process takes 
place over a time interval  when the effect  of i n i t i a l  conditions has sub- 
sided, 
under continuous excitation x ( t )  , 

The model parameters re f lec t  the dynamic response of the system 

If the excitation x ( t )  is a random signal rather than a sinusoid the 
resu l t s  of this simplified analysis can be used to  estimate the approxima- 
t ion accuracy fo r  X fo r  given i n p u t  bandwidthe. 

Although this diacussion has been restr ic ted t o  a first order model 
with a missing second order term the analysis can be readily extended t o  
higher order gmblems and will probably yield errors  of comparable mgni- 
tude 

On the baais of the above analytical confirmation of the approximstion 
method experimental evaluations of missing higher order terms will be in- 
cluded under Task 2 of the study program. 

1. "Mthematieal Wdels of Human Pilot  Responses, Proposal 3667.000, 
submitted to  MASA/Langley Research Center, dated 11 June 1964. 

20 "Analysis of Time Delay Approximation i n  Human Pi lo t  Mdels," by 
H, F, Meissinger, No, 9350.6-152, dated 26 February 1965, 

HPerturbation Methods in Science and Engineering, " by R. Bellman, 

"Sensitivity of Dynamic Systems with Respect t o  Parameters that Change 
the Order of the Mathematical Model," by R. Tomovic: and N. Parezanovic? 
(Prepared for  publication in I E a  TRANWCTIONS on Electr .  Comp., 1965.) 

5 

3. 

4. 

M ~ 6 ~ W - ~ l l ,  1964 0 

5 .  "Experimental Studiela and Improvement of Model hbtching Accuracy, 
by R. E. Rose, No. 9352.2-6, dated March 1965. 
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1. ObJective 

'IhS parameter optimitstion strategy currently used for identifica- 
tion of h-n pilot  pall.mstarr (Referencee 1, 2) is based on approxilaatr, 
grsdient techniqum for finding the minimum of the ermr criterion ? - ?(e ) 
In this program the defini t ion of gradient components during continuous 
8dJustment of th model parametere is not msthemstically rl@rous. The 
ermr sensit ivit ies t3F/aai are defined only when the parameters ai renmin 
time-invariant . If tha parmetere are adJusted very "slowly," i .e ., a t  
rata8 much below the frequency characteristics of the system i n  question, 
ma acceptable 6ppr0xiPratlOn of the -eat is obtained, suitable for a 

rteepert dercent optlmlcation strategy (Reference 3). Inability to  de- 
fine and edequstely approxieta the gradient causes problema when tha 
r4Juotment mte i r  significantly increased to obtain rapid convergence 
of the psramsterr to their optimum -lues. 

A eecond b u t  equally Important problem stems fran the fact  thst in 
the present adjustment rtrategy the parsmeter adJustments do not feed 
back instantaneously to the model output, the point a t  w h i c h  the model 
mntching e m r  e i r  detected 8nd the error criterion F(6)  is formed. 
The parameter ad jus tmnt r  
before affecting the error criterion. I n  a recond order model, e.g., 

tho paramoter vrrlrtlonr am integrated twlm bofon producing tho oom- 
rpondfng variation 61' u l l l u r t r r k d  In  lrigurr 1, Tb loop 10 clored 
thmm a third Inteamtori 

pars through several 6-0 of integration 

\ 

a 



Figure 1. Current Psrameter AdJustment Program 
With Tim-- i n  Pbmtion O f  F(C) 

This c a ~  cause ' s t ab i l i t y  problems in the paramstar adJurtment 
loops, unless the adjustmsnt circuits are desigued with O~LM to have 
appropriate @in and phase l a d  chsracterirtics. In view of the hiehly 

nonlinear character of this feedback system the a~lslysis of s t sb l l i ty  

and convergence chsracterirtlce is diff icul t  and has not bean performed 
i n  the general n-paraaacter case. The choice of the adjustment -In and 
rtabiUtstion network on the  computer is usually derived on an experi- 
mental basis and must be adapted to  varying operrting conditions of the 
system being modalad. 

The obJective of the rJodified adJustment strategy is to minimize 
these problems inherent I n  the present model nratcbiag progwr. 'Iba 

new p r o m  allminster tb problm of inexact nm~thalpltical definition of 
gradient componmntr wlri lyfrplp n p i d  parameter rdJwtmnt, r ime tk 
irrdr criterion ~ ( a )  is no bwr a "fwctionU" of tho pannter ruh- 
tion tln himtory but h dofinad u u1 Umbralo (lirrur) fmctlon of 



the paremtbr increment8 Aai. The gradient 

theroforr i r  rlwayr riwmua4 &find d u r i u ~  tb. rA3urmnt preoera. 

The error criterion, furthermore, responds instslrtaneowly to the ai- 
sdJurtmentwhich minimitee the etabilitation prpblem of the adJue.bnent 
loop. A i  a consequence the computer equipment and p r o k i n g  require- 
wntr and the experimental effort In optimhing tbn min and p u r e  char- 
acter is t ics  of the adJustment circuitry are alleviated. A l a 0  the progru 
i r  more amenable t o  an8lybis of r tabi l i ty  and amvargance cb r rc t r r i s t i c r .  

2. Modified OptiPlitstioa Program 

Thh new optlmisation strategy is formulated as follows. !l'b model 
equation and the sensitivity equations are solved a t  the origlxmlopcrra- 
t in8 point 5(, in the parameter space yielding rerultr to and %.  his 
eolution ir  imbedded i n  a famiG of solution8 obtainable for different 
fixed parametar rdttings (@eo Figure 2)  . Thio family cut be approxirrsted a 

by extrapolation as follows: 

* 

Thus the parameter vari8tions A6 obtained by, the steepert dercent metbod 
are ured only to extrapolate from the "parent solution" zo to members of 
the family of lolutions i n  which so ir imbedded, TUr ellmilutes the 

m&herrstical difficulty of charackrising I ar'a function of $he mlJurt- 
able para#tarr a' and &fining the partial derlvativwr ar/bai. par- 
tial derivsti+rr ar/W and hen- a?/@ are ri~porourly defined at all 
tima. 



I .+ 

Figure 2. Extmpolsted Solutions c1 in Vicinity 
of Psrent Bolution so 

In  sddition, the variation of the inrtantanaous model.stchiag 
error with Z variation does not oontain aynaplic t- lag8 eo tb.t in -  
S t a n t a n e O U r  Ilaprovewmt of the error criterion can be obtained in the 
optllmisstion procerr. mthematially, the only approxinwrtion eflDr to 
contend with 1s the extrepolation e m r  8. one departs further and 
further from the original operating poin t  %.  his Iwana timt several 
Iteration8 asy be mquimd to a t t a i n  the optimum, depending on the 
sPlount of total paralbster correction. Each iteration proceeds to the 
beet parawar values attainable within the faally of extrapolated 

that only few i'teratlm steps 8re required i n  mort carer of interest .  

nique described In Ibference 4 but  focuser mora dlmctly on the la- 

bedding of the p8rent eolution within sdjacent aolutionr. 

3. Dircurrion 

To explore the podified optidisation progr8~ furthr it will be 
necermry to  perform an urper1wnt.l =bel mtohing et* and to co-m 

thir with rerultr of tho preoent djuetn#nt  rtnt8gy. An indication o f  

tha fear ibl l l ty  and urefulnerr of the metbod can be wined by the pra- 
limiarrly %pen l00p" optimimation exp.rimmtr dororlkd in ~afemnc?. 4 
(me ?iglun 4) . In tbir ema two pmramat.rm of ,  wood ordrr ryr- 

rolutlonr in the vicinity of zo ( l )  cO (2) 0.0 etc. It i r  mticipatmd 

0 
The new rtrrtegy i o  inherently related to the "open loop" ,tech- 
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were adjustedto their (horn) correct values in 1, 2, or 3 steps of 
iteration, depending on the i n i t i a l  error. It war rhown that them 
exists a sitable area in the pamete r  apace in the vicinity of the opti- 
mtm i n  which a one-step optimination is sufficient. Bxtonrion to mora 
coqlex linear and noPlia.rr &la i o  inGndad, 

Equipment savings can be realized by the new rtnkgy thmuQb e l i d -  
nation of the lead compensation term qd in the criterion function, which 
alro ellminatar the t e n s  qii in the adjustment equrtionr ured previourly, 

. mi - -K(C + qi)  . (3)  

This eimplification has the deeirable effect of ellminating differentiation 
circuits for and some of the ii in the computer pmgram. 

In cases where repeated iteratione are required the program c a l l s  for 

Since adJust8ent mtee can be stepped up it is sn t i c ip t ad  thst 
autol~stic sequencing equipmmt to  hold, reset, and operate the adJuetmant 
circuits.  
the overall time for permeter determination can be reduced even with 
severdl iterations required. Under favorable conditioar when iterations 
are unneceraary due to good i n i t i s l  eet imtes  of tb parameter settings, 
a l l  multiplierr for pmmmeter sdjurtment in the mdal equation and r m s i -  

t i v i t y  oqurtiorrr OUL bo elf.iaatrd along with tho sequencing equipnnt, 

0 

Snb th0 tils W i l l  bo VOW 8i-ifi-t. 
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This memorandum is a description of a preliminary experiment u t i l i z ing  
the model matching technique f o r  the evaluation of display character- 
i s t i c s .  
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This experiment 
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MALUATION OF DISPLAY SENSITIVITY BY EWAN OPERATOR MODELS a 
INTRODUCTION AND S-Y 

The objective of t h i s  preliminary study was to determine the effect  of display charac- 
t e r i s t i c s  upon the parameters of the human operator's dynamic response model. 
hypothesis was that changes i n  display characterist ics would a f f ec t  the operator's model 
without affect ing the performance error. 

model do change, implying a variation i n  operator effectiveness, t h i s  analysis would be 

useful f o r  display evaluation. 

The i n i t i a l  

If it could be shown that parameter values of the 

To test  the above hypothesis, display sensi t ivi ty  was used as a change i n  display 
mode. 
that the field-of-view would be 60' and one degree of signal deflection would subtend a 
visual angle of one degree a t  the eye, 
the display sens i t iv i ty  was the same as that of the Lear-Siegler A t t i t u d e  Indicator, and 

3) u t i l i za t ion  of the Lear-Siegler Attitude Indicator as the display viewed from a distance 
of 28 inches. 

& a c t e r i s t i c s  of the display wuld have to be analyzed before application of model match- 

Three conditions were i n i t i a l l y  planned, 1) viewing a Cm through an eyepiece so 

2)  viewing a CRT at  a distance of 28 inches where 

The last condition was deleted since it was realized the dynamic response 

ing. 

I n  analysis of root-mean-square e r ror  i n  tracking performance, no significant differ- 

ence was found between the tm display sensi t ivi t ies .  
matching u t i l i z ing  a first-order model format. 
parameter which was statistically significant a t  the lO$ level. 
display the operator lowered h is  gain. 
over frequency implying that the task is m r e  d i f f i cu l t ,  

The data were then analyzed by model 
A trend was shown i n  the operator gain 

W i t h  the less sensit ive 
This indicates that the operator lowers h i s  cmss- 

The conclusion of this experiment i s  thst the analysis of operator dynamics i n  re la t ion 
to display dynamics is  not only a novel but a valid display evaluation technique. 
study also implies that the  differences i n  display effectiveness may be at t r ibuted to differ- 

ences i n  the dynamics of the display and not display formats, 
gram would be t o  determine the  effect  of display format and redundant cues upon the operator's 

This 

The next step i n  such a pro- 

dynamics 

METHOD 

The task u t i l i zed  to  test  the hypothesis was a compensatory tracking task with a random 
forcing function input. A block diagram of t h e  t a sk  arrangement i s  shown i n  Figure 1. &The 
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a 
The forcing function was generated by a random noise generator. 
a t h i rd  order f i l t e r  w i t h  a cutoff frequency of 0.33 rad/sec. 
put signal averaged15.1 '/see. 
constant of 0.5 secs and a gain of 1.09 rad/sec per radian of s t ick deflection. 
element was a horizon l i n e  and tracking was in the ver t ica l  axis corresponding t o  pitch de- 

f lection. A f inger t ip  controller was used w i t h  the  shaft of the controller i n  a horizontal 
position. Maximum displacement of the  controller was + 27'. 
t r o l l e r  corresponded t o  pitching up, therefore the horizon would drop, representative of an 
ins  ide-out display. 

This signal was fi l tered by 
The RMS amplitude of the in- 

The task dynamics was second order with a single lag time 

The display 

Upward movement of the con- - 

For the out-of-the-window display sensi t ivi ty  a 5" CR!C was viewed through an eyepiece. 
The eyepiece allowed the CRT face to appear a t  i n f in i ty  and cover a f ie ld  of view of 60'. 
One degree of pitch deflection was represented by one degreeideflection of the  horizon l i n e  
viewed through the  eyepiece. Hereafter, t h i s  sensi t ivi ty  w i l l  be referred t o  as a sensi- 
t i v i t y  of 1. 

angle of a given horizon displacement from a distance of 28". 

The attitude indicator sensi t ivi ty  was obtained by measurement of the visual 

e e s  per degree of pitch deflection. Therefore the a t t i t ude  indicator was 14 times less 
This sensi t ivi ty  was 0.071 

sensit ive than out-of-the-window vieying. 

Four experimental subjects were used i n  a f u l l  f ac to r i a l  design. Each subject was 

given 
second session were used f o r  data analysis and the last two were recorded on FM tape f o r  
analysis by model matching. After the subjects had received the 1 sensi t ivi ty  condition 
they received 10 replications of the 0.071 sensi t ivi ty  condition i n  two sessions. Again 

the last four runs were used i n  the data analysis and the last two were recorded on FM tape. 

20 replications of the 1 sensi t ivi ty  i n  two sessions. The last  four runs of the 

The subjects were instructed t o  minimize the error. They were given feedback on t h e i r  

performance error  between replications. The length of each run was 2-1/2 minutes. 

The model parameters were obtained by t h e  parameter optimization technique as developed 
by Bekey, Meissinger and Rose (Reference 1). 

equation as follows, 
The model format was a first order differential 

. . 
+ @ 1 = + B3 

where z i s  the model output and x is the error input. This equation can be rewri t ten i n  
e t ransfer  function form 0 
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L -  

I - s + l  

K (T1 s + 1 )  
$1 

= P  

where K 

constant. 
optimization (Reference 2). 

is the operator's gain, T1 is the lead time constant, and T2 i s  the lag  time 
P 

The modified absolute value error  cr i ter ion was used for the parameter 

The root-mean-square error w a s  used as the performance cr i ter ion f o r  the experiment. 
The average values across four replications for each condition and subject are given 
i n  Table 1. 

was administered. 
In order to  test  the significance of the data an analysis of variance tes t  

The design f o r  the test was a treatment by subjects with within-cell 
&cation. This analysis is shown i n  Table 2 for the four replications. The only 
significant variation i n  the scores is between subjects. 
between display sensi t ivi ty  and subjects was probably due to one stib j ec t  not having suffi- 

cient  training. 

The loqb significant interaction 

Another analysis of variance tes t  was conducted f o r  only the two replications that 

were recorded on FM tape. 
scores with the parameter values from the model matching. 
Table 3. 

This tes t  would allow comparing the significance of the error 

This analysis i s  shown i n  

The average value of each parameter over a 120 second period was determined f r o m  the 

model matching results. 
st ick output was calculated by 

A power match t o  determine how much of the model accounted f o r  

S f e 2  d t  

where e is  the matching error and y is the st ick output. This was calcuated f o r  selected 
et3 where the parameter values were held constant at  their  average value. This match 

ranged between .TO to  .85 of the s t ick  output. The parameter values are given i n  Table 4, 
An analysis of variance was conducted for Kp, Tl, and T2' This analysis is presented i n  
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Table 5. This shows that for the operator's gain there was a significant difference between 
sensitivities at the l@ level. 
cant at the lo$ level. 
ator gain associated with the 0.071 display sensitivity. 
constant a-lysis was probably due to insufficient training in one subject. 

For the lag time constant the interaction term was signifi- 
In observing the pameter values in Table 4 there is a lower opm- 

The interaction in the lag time 

RMS Error Scores Averaged over Four Replications 
for Each Subject and Display Sensitivity 

Display Sensitivity 

1 

1 30.1 
27.2 

Subject 

2 

18.2 
21.3 

TABLE 2. 

3 

27.2 
27.8 

Analysis of Variance for Four Replications of RMS Errors 

s s  

Display Sensitivity 2 
Subjects 43284 
Interaction 369.1 
W 11642 

iw Significant at 0.05 level 

D of F 

1 

3 
3 
24 

M S  

2 
14426 
1230 

485 

4 

22.3 
21.8 

F 

0 
H 11.7 

2.54* 

* Signifiicant at 0.10 level 
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TABLE 3. 

Analysis of Variance f o r  Two Replications of RMS Error Score 
I 

s s  D of F M S  

Display Sensitivity 121 
Subjects 26826 
Interaction 2327 
W 4855 

1 121 

3 8942 
3 776 
8 607 

1,OO Sensitivity 
s 1  

s 2  

s 3  

s 4  

TABU 4. 

Average Parameters f o r  Each Subject and Display Sensitivity 

0.071 Sensitivity 
s 1  

s 2  

s 3  

s 4  

T1 K 
P 

Operator Gain Lead Time Constant 
(rad of stickAd of e )  

4.42 

2.62 

3.93 

1.78 

2.61 

2.37 

2.34 

1.41 

0,099 

0.039 

0.106 

0.008 

-0.022 

0 . 014 
0.108 

01.096 

F 

0.15 * 
. _  

11.5 
1.28 

2 
T 

Lag Time Constant 

0 . 049 
0.032 

0 . 032 
0.024 

0.042 

0 . 036 
0.036 

0 . 034 

** Significant at 0.05 level 
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TABU 5 

Analysis of Variance of the Parameter V a l u e s  of the F i r s t  Order Model 

Source Sum of Squares Degrees of Freedom Mean Square F Ratio 
Kp (Operator Gain) 

Sensi t ivi ty  

Subjects 

Interaction 

W 

T1 (Lead Time Constant) 

Sensi t ivi ty  

0 Subjects 
Interaction 

W 

T2 (Lag Time Constant) 

Sensi t ivi ty  

SUJS jects 

Interaction 

W 

Y 

40602 

84933 

19640 

157689 

341 

13621 

20845 

57505 

1 

3 

3 

0 

40602 6 201* 

28311 4.324 

6547 332 

19711 

39 

197 

56 

15 

0 . 049 

0.653 

0,967 

0.70 

3.54 

3.84* 

.. 
Significant a t  0.10 level e 
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"he display gain can be reinterpreted as a change i n  the control system gain along 
wi th  an equal change i n  the forcing function input. 
it would be e-ected that the  operator would raise h i s  gain to compensate for  it. 
i n  t h i s  circumstance, where the forcing function input 's  gain is decreased by the  same 
amount, the  operator decreases h i s  gain. 
crossover frequency with the less sensit ive display. 

If the control system gain is  lowered 
However, 

This indicates that he is operating at  a lower 

An explanation fo r  the operator lowering h i s  gain w i t h  the less sensit ive display is  
that the task is  more diff icul t .  
the bandwidth of the input forcing function had been larger. 
information theory would be that the  information t ransfer  rate is  lowered w i t h  the less 
sensit ive display.If the operator's task i s  separated into perceptual, central  and motor 
processing which are serial then the lowering of the transfer rate has to occur i n  only 
one of these processes. The most obvious is the perceptyal which can be explained by a 

This d i f f icu l ty  would be reflected i n  the RMS error  if 
Interpretation i n  terms of 

sua1 displacement threshold, i.e. the capability of the operator to perceive a displace- yn t of the horizon l i n e  f r o m  the center l i ne  of the CRT. If it is assumed that the  oper- 
a to r  ac t s  primarily on displacement and if he has an absolute displacement threshold fo r  
the  display formet u t i l i zed  i n  t h i s  experiment, then he would act upon lower angular dis- 

placements i n  the display with the larger gain and thereby increase h i s  gain o r  informa- 
t i on  t ransfer  rate. This theory could be validated if a l inear  model with a nonlinear 
threshold term was uti l ized i n  the model matching instead of first order l inear model. 
would have to be determined i f  the threshold value and/or l inear  gain, would remain con- 
s tan t  o r  vary. 

It 

In  either case the results of this preliminary study imply that determination of 
human operator's models fo r  analyzing display characterist ics w i l l  provide quantitative 
d a t a  from which display design c r i t e r i a  can be obtained. 
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